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high-ceaprature hexagonal phase of BaTIO 3 . It has been our belief that this is
an impurity-scabilite4 phase and could be eliminated by proper treatment o the
starting materils. Reactive atmosphere processing (RAP) was used to treat a
variety of 8 M03 powders, and the effect of such cre,%acnte vas monitored by
quenching these povders fro temperarcures near the melting point. In several a
exptrimancs, the cubic phase vas obtained In powders teraced in an O/CO,/3r2
atmosphere. However, such resulcs were not always reproducible and isy 6ave been
significantly affected by kinetic factors. Although such an approach to stabili:-
ing the cubic phase remains unproven, the developmenz of compatible RAP formulas
should prove useful for control of impurities during crystal growth.

-The second maJor effort of this program was the idtncification and characteri:ationOf the photarefractive species in BaTlO . Using the results of a number of ax-
Periments, we have concluled chat iron ?in the forms Fe-+ and Fe3+) is the dominant
phoatorefrac:tiva spicCes n co:=drclal BaTIO. We have ben able to oeasure the
densities of Foe ' and FJ + , along with the sign of the phococarriars, the effective
electro-optic coefficient, and a lumped parameter taking Into account thea ranspoet
properties of holes and electrons. On the basis of our results, ve have made
recommendations for opcini:ing the oping Lnd heat creatmenc of BaTiO3 for
phocorefractive applications. I
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SECTION 1

INTRODUCTION

Photorefractive materials offer great promise for

applications in optical data processing and phase conjugation

using degenerate four-wave mixing (DFWM). BaTiO3 is a

particularly promising material, primarily because the very large

value of the electro-optic tensor component r42 yields

correspondingly large values of grating efficiency, beam coupling

gain, and four-wave mixing reflectivity. This allows the

realization of a variety of new applications, such as real-time

convolution and correlation, edge enhancement, image transmission

through fibers, self-pumped phase conjugate mirrors, and phase

conjugate resonators.

In spite of the intense interest in the applications of

BaTi0 3 , the commercial availability of samples is limited,

samples which are available are relatively small and impure, and

have not been characterized or optimized for photorefractive

applications. If the photorefractive species can be identified,

we can then hope to optimize the performance of this material

through proper doping and heat treatment.

In the program reviewed here, we have approached two of the

most important problems in the development and use of

photorefractive BaTiO3 : stabilization of the cubic phase in

order to make possible a. rapid crystal growth technique, and the

determination and characterization of the photorefractive species

in commercial BaTiO3 .
The technique commonly used at present for the growth of

BaTiO3 is top-seeded solution growth (TSSG). The main feature of

this technique is that excess TiO 2 is added to the melt in order

to lower the growth temperature below the stability range of the

high temperature hexagonal phase. The disadvantage of the TSSG

technique is that it is incongruent, leading to a slow growth

rate, and possible inhomogeneities in the crystal. Our belief

has been that the high temperature hexagonal phase is impurity-
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stabilized, very probably by OH-, and could be eliminated by

proper treatment of the starting materials. This would allow

congruent growth from a stoichiometric melt and would lead to

significantly increased growth rates. In addition, one could

expect to achieve higher yields from such a technique and,

because crystal growth would proceed isothermally, the

homogeneity should also be improved.

Adopting the approach of reactive atmosphere processing (RAP)

to remove impurities, we have evaluated the effects of CO/CO2 and

halogen treatments of several BaTiO3 powders on the stability

relations at high temperature. Some experimental results were

suggestive of increased stability of the cubic phase as a result

of RAP treatment. However, these results were not always

reproducible, and we believe that kinetic effects may have played

a significant role in producing the observed behavior. While

additional effort coiild be directed toward resolving the

remaining uncertainties, we feel it would be more worthwhile to

evaluate other approaches to the growth of optimized crystals.

In Section 4, we suggest an approach that has been demonstrated

to achieve stabilization of the cubic phase and which is suitable

for relatively rapid crystal growth.

The second major effort of our DARPA program was the

identification and characterization of the photorefractive

species in BaTiO3 . Using the results of a number of experiments,

we have concluded that iron (in the forms Fe2+ and Fe3+) is the

dominant photorefractive species in commercial BaTiO . We have

been able to measure the densities of Fe2+ and Fe3+, along with

the sign of the photocarriers, the effective electro-optic

coefficient, and a lumped parameter taking into account the

transport properties of holes and electrons. On the basis of our

results, we have made recommendations for optimizing the doping

and he:t treatment of BaTiO3 for photorefractive applications.

In Section 2 we review our studies of RAP-treated BaTiO 3

powders. Section 3 describes our study of the origins of the

photorefractive effect in commercial samples of BaTiO3. In
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Section 4, we present our conclusions and recommendations for

further work. Two papers pub]ished during the course of this

contract (relating to the origins of the photorefractive effect)

are included as appendices. A third paper covering our complete

effort has been submitted to the Journal of The Optical Society

of America. It is not reproduced here, since it is very similar

to the contents of Section 3 of this report.
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SECTION 2

REACTIVE ATMOSPHERE PROCESSING
rf BARIUM TITANAT9 POWDERS

A. INTRODUCTION

I. BaTiO3 Structure and Phase Relations

Barium titanate occurs in five crystalline forms. With

increasing temperature, the stable phases are rhombohedral,

orthorhombic, tetragonal, cubic, and hexagonal. It is the

tetragonal phase that is stable at room temperature aod which is

of primary interest for its nonlinear properties. The

transformation between the cubic and hexagonal phases is

reconstructive in nature, whereas all the other transitions are

displacive. Consequently, hexagonal BaTiO 3 cannot be converted

to the cubic form without destroying the optical quality of the

crystal. It is therefore necessary when designing a crystal

growth technique for this material to avoid the high temperature

hexagonal phase that normally crystallizes from the melt at

"1620'C.

The cubic form of BaTiO3 has the perovskite structure. The
structure can be viewed as a continuous network of corner-linked

TiO6 octahedra, with Ba2 + occupying 12-coordinated sites in the
oxide anion framework. The space group is Pm3r, which is

centrosymmetric and therefore non-polar. The tetragonal form has

space group P4mm, which is polar, The transition from the cubic

structure at -130°C involves only a slight distortion, resulting

in the Ti4+ ion occupying an off-center position in the oxygen

octahedron. The net effect of this distortion is to produce a

spontaneous electric polarization, with the polarization directed

along the cubic <100> axes. Further transitions, to the

orthorhombic phase below 5'C and the rhombohedral phase below

-90C, similarly involve distortions directed along the cubic

<110> and <111> axes, respectively.
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The hexagonal phase, which occurs above ~1450"C, has a

significantly different structure.1 The cubic-hexagonal

transition involves both a rearrangement of the barium-oxygen

close-packed layers and a reordering of the TiO6 octahedra. In

the hexagonal structure, two-thirds of the TiO 6 octahedra form

face-sharing pairs, or Ti2Og groups. These are corner-linked to

the remaining TiO. groups. Thus, a major rearrangement occurs at

the transition and it is consequently quite sluggish compared

with the spontaneous distortions that characterize the lower

temperature transitions. For this reason, it is possible to

quench the hexagonal phase to room temperature by cooling

relatively quickly froim above the cubic-hexagonal transition

temperature.

The phase diagram of the system BaO--TiO 2 was studied by Rase

and Roy and is shown in Figure 2-1. The field of hexagonal

BaTiO 3 is seen to exist between 1450 and 16180C. With increasing

TiO 2 content, the phase boundary between cubic and hexagona.l

BaTiO 3 rises to higher temperatures. It should be noted that

these relationships are ba3ed on a small number of data and are

at least somewhat schematic. Later studies of this system3 -5

have revised the subsolidus relationships but no subsequent

studies have revised the liquidus relations.

2. Impurity Effects on the Cubic-Hexagonal Transition

A number of previous studies have addressed the question of

the effects of various impurities (primarily cationic impurities)

on the temperature of the cubic-hexagonal transition. The fact

that no other simple 2-4 perovskites are known to occur with the

hexagonal structure implies that solid solutions between BaTiO3
and these other phases will result in increased stability for the

cubic phase. Ifn fact,, studies of solutions involving isovalent

substitutions for Ba7,8 show a rapid rise of the cubic-hexagonal

transition temperature with doping levels on the order of 0.1 to

1 mol%. Other studies, involving for example9 the system BaTiO3 -
Sio 2, also indicate stabilization of the cubic phase, although

2-2



Permission has been granted by R. Roy at The Pennsylvania
State University to publish Figure 2-1.

H.x BaT'0 3 is.. L10610

1500cust SaiO3 i. 1ou00TO

I LIOUID

4Tio IO

1400 CUI aTiO3 u~s. LIOUIO 4aT *pl BT5 0

/ 1357* LIOUIO
/OI a

1300 3174 LI;U10

CUBIC B&T10 3 S-s. BT5 8aTI 30; ,
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Ti0 2-MOLE %

SASE ANO ROY. J1. AM. CER. SOC. 38. 1955.

Figure 2-1. Phase diagram of a portion of the system
system BaO-TiO2 (after D.E. Rase and R. Roy,
J. Am. Ceram. Soc. 38, 102, 1955).
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here the solution is not a simple isostructural substitution, but

may involve the incorporation of some cation deficiency or oxygen

excess.

On the other hand, a number of compounds have been reported

with the hexagonal BaTiO3 structure. Dickinson et al.10 prepared

a series of compounds in which various amounts of primarily

trivalent metals (Ti 3+ , V, Cr, Mn, Fe, Co, Ru, Rh, Ir, Pt) were

substituted in large amounts for Ti4+. Each of these formed,

within at least a certain range of metal concentration, with the

hexagonal structure. These authors suggested that the hexagonal

structure was favored by compounds in which metal-metal bonding

occurs between octahedral cations. The face-sharing octahedral

pairs found in the hexagonal structure should be an unfavorable

arrangement energetically unless there is an attractive

interaction between the metal ions in adjacent octahedra.

Dickinson et al. were able to prepare at 1100"C, from already

reduced starting materials, a hexagonal powder with the

approximate formula BaTi 3  Ti4 52 24+ . This suggests that the
aproimte0.48 0.5 .6

presence of reduced titanium and/or oxygen deficiency may lower

the cubic-hexagonal transition temperature. A similar

observation was made by Arend and Kihlborg11 who found that

reduction of BaTiO3 with H2 at 1325'C brought about a

transformation to the hexagonal phase with a relatively small

oxygen deficiency (BaTiO2.993 ). No mention was made of the Ti3+

content in the latter study or of the possible formation of OH-

defects.

Eror et al. 12 reported stabilization of hexagonal BaTiO 3 at

temperatures below 700"C in material prepared by a low-

temperature liquid mix technique. This effect was ascribed to

the very fine particle size (a few hundred R) of the material.

However, the presence of dissolved carbonate ions with this

method may also have been a contributing factor. Adsorption of

carbonate ions was observed on the surface of the hexagonal

BaTiO 3 particles. Use of an alkali carbonate flux has also been

observed 13 to result in the growth of hexagonal BaTiO3 crystals
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at temperatures below 1200"C, although the identity of the

impurity stabilizing the hexagonal phase in this case is not

clear.

The observations noted above suggest that the cubic-hexagonal

transition temperature is sensitive to the nature of the

impurities present in the material. This implies that the phase

transition itself is not necessarily an intrinsic property of

BaTiO3 but may, in fact, depend upon the presence of certain

impurities. Such behavior can be called an "impurity-

conditioned" phase transitioa. An example of similar behavior in

another system is that of the rare-earth trifluorides.14  In

these materials, a high temperature phase transition from

hexagonal to orthorhombic was observed upon cooling below the

melting point. The reported transition temperatures varied

significantly among various samples. When crystals were grown in

an atmosphere (HF) designed to exclude OH- from the crystal,

however, it was shown that the high temperature phase transition

disappeared entirely, and the low-temperature orthorhombic phase

was obtained upon cooling through the melting point.

Such results indicate that it is sometimes possible to

eliminate the stability field for an impurity-stabilized phase by

exacting control of the impurity or impurites responsible for its

stabilization. An approach that has been shown15-17 to be

successful for such control, particularly for the elimination of

anion impurities such as OH-, is that of reactive atmosphere

processing (RAP). In this approach, an atmosphere is chosen to

actively displace species such as OH- from the solid and to

prevent water present in the furnace environment during crystal

growth from reacting with and entering the solid. At the same

time, the formation of volatile molecules can help to remove

cationic impurities from the solid as well.

Our approach to eliminate the hexagonal phase stability in

BaTiO 3 therefore, was to examine ways to treat BaTi03 powders in
various atmospheres and to determine the effects of such

treatments on the presence or absence of hexagonal BaTiO 3. The
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details of these experiments will be presented in the following

sections.

3. Principles of Reactive Atmosphere Processing

Water is a ubiquitous impurity in materials processing,

deriving from the laboratory atmosphere and/or from furnace

ceramics, other process equipment, or the starting materials. As

the infrared spectrum in Figure 2-2 shows, the hydroxide ion

(OH-) is present in substantial quantities (probably on the order

of 1000 ppm) in an as-grown BaTiO3 crystal purchased from Sanders

Associates. In addition to its possible impact on the cubic-

hexagonal transition, such impurities may impose a variety of

other deleterious mechanical and physicochemical effects on

crystals in 'vhich it is present. Thus, techniques to eliminate

hydroxide impurities are desirable regardless of the effect on

the stability of the hexagonal phase.

The reactive atmosphere process (RAP) developed at Hughes

Research Laboratories has been used to achieve high levels of

purification in a variety of halide and oxide systems. Control

of impurities is achieved by chemical manipulation of the solid

through the coexisting liquid and/or vapor phases. In the RAP

technique, the sample is heated in an atmosphere containing atoms

or molecules that have an affinity for reaction with impurity

ions. The impurities are removed through two mechanisms:

(1) migration of the species through the sample to the surface,

where they react with the RAP molecule and are pumped away; or

(2) migration of small molecules or atoms (formed thermally from

the RAP molecule) into the sample, where they react with impurity

ions to form volatile compounds, which then migrate to the

surface and are pumped away. The reactive species needed to

achieve such effects are easily generated by pyrolysis during

heating of the sample and its surrounding atmosphere.

Water is typically incorporated into an oxide crystal by

means of the following reaction:

2-6



12379.2

81110O3 (1102 FLUX-GROWN)

0.80

w)
t.) .60
z

z
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Figure 2-2. Infrared transmission of a Sanders BaTiO3
crystal grown by the top-seeded solution growth
method. Absorption peak at 3485 cm-1
(2.869 pm) is due to 0-H stretching vibration.
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0 2-(c) + H2 0 20H-(c)

Because of the high proton affinity of 02-, the only viable

mechanism for removing OH- must involve an electron-transfer

-eaction with a more electronegative species, typically a

halogen:

OH- + X4 X- + OH

where X = F, Cl, Br, or I. However, the objective is to remove

OH- without causing any conversion of the oxide to the halide.

Thus, for the reaction

MO(c) + X2 # MX2 (c) + (1/2)02

the conditions must be chosen so as to favor the left-hand side

of the equation. This is achieved by providing a sufficient

oxygen pressure to prevent any significant displacement of the

equilibrium toward the right. The tendency for this reaction to

proceed is also a strong function of the electronegativity

difference between the metal and halogen species. This

constrains the selection of halogens for use with any particular

metal oxide and, in the case of BaTiO 3 , would be expected to

limit the choice to either Br2 or 12.

An alternative approach to the removal of OH- from the

crystalline phase involves the use of a CO/CO2 gas mixture. In

this approach, carbon monoxide may scavenge hydroxide via the

reaction:

20H-(c) + CO 02- (c) + CO2 + H2

and may also remove water from the process atmosphere:

H20 + CO * CO2 + H2

2-8



Carbon monoxide is a strongly reducing gas and, if present in

sufficient concentration, will result in oxygern loss from the

crystal:

02-(c) + Co C O 2 + 2e-(c)

In BaTiO3 , the electrons thus released may form color centers or

result in the reduction of Ti4+ to Ti3+. Since Ti3+ is suspected

of stabilizing the hexagonal BaTiO3 structure, it is desirable to

avoid such effects. Therefore, the CO/CO2 ratio must be kept low

enough to ensure that the crystal is not significantly reduced.

An additional mechanism may become operative when the halogen

and CO/CO2 gases are combined. The following equations:

CO + X2 * COX2
COX2 + H20 - 2HX + CO2

indicate a means by which water in the process environment may be

tied up and thereby prevented from entering the solid phase.

Such an effect is particularly important when the halogen is

restricted to Br2 or 12 because, unlike F2 or Cl2, these species

alone are not effective for gettering water through the reaction:

X2 + H20 - 2HX + (1/2)02

B. EXPERIMENTAL PROCEDURES

1. Starting Materials

Four BaTiO3 samples were obtained from three different

suppliers. The highest purity material, at least in terms of

cation impurities, was Johnson-Matthey (JMC) Puratronic Grade

(nominally 99.995%, metals basis). Several different lots were

used during the course of the study. However, all samples for

which chemical analyses are presented (see below) were obtained
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from lot no. S93020B. The manufacturer's analysis of this lot is

presented in Table 2-1. Analyses of the other lots used

indicated Si at levels of 1 to 3 ppm, with Fe, Mg, Ca, Cu, and Al

at or below 1 ppm. A second sample was obtained from Alfa.

Products (catalogue no. 88267, lot no. 022483) and was nominally

99.95 pure (metals basis). No analysis was provided by the

manufacturer. Two samples were obtained from Transelco Division

of Ferro Corporation. The first, Ferro-1 (catalogue no. 219-2,

lot no. 79088) was nominally 99.5% pure and the second, Ferro-2

(catalogue no. TRS-850, lot no. MI-968) was somewhat higher

purity, >99.95. The manufacturer's analyses are given in

Tables 2-2 and 2-3.

Samples of the Ferro-1 and JMC powders "as received" were

analyzed by semiquantitative emission spectrographic techniques

(see below for details of analytical methods). The results,

shown in Table 2-4, are in general qualitative agreement with the

manufacturer's analyses. A SIMS analysis of JMC powder was also

obtained and will be discussed below.

In addition to the commercial powders, some experiments

involved synthesis of BaTiO 3 from various starting materials.

Three different techniques were investigated. The first two

involve solid state synthesis based on the following reactions:,

BaCO3 + TiO 2 4 BaTiO 3 + CO2

Ba(N03 )2 + TiO 2 - BaTiO3 + 2NO2 + (1/2)02

Johnson Matthey Puratronic Grade starting materials were used for

these syntheses. Mixes of the appropriate stoichiometry were

prepared and were ground manually in a diamonite mortar under

acetone or methanol. After -,ying, the carbonate mix was loaded

into a platinum crucible and reacted at 1000 to 1200'C for 24 to

48 hours. The product was then ground and reacted again at 1000

to 1500"C. X-ray powder diffraction patterns indicated complete

reaction. The nitrate mix was reacted at a temperature of about

650 to 700"C. Although initial experiments using less pure
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Table 2-1. Manufacturer's Analysis of JMC
BaTiO 3 Powder, Lot No. S93020B

Concentration
Element (ppm by weight)

Mg <1

Si 20

Ca <1

Fe <1

Table 2-2. Manufacturer's Analysis of Ferro-1
BaTiO3 Powder, Lot No. 79088

Element Concentration Element Concentration
(as oxide) (weight I) (as oxide) (weight 5)

A1203  .02 Nb2O <.01

CaO .07 P20 <.005

CuO <.01 SiO 2  .02

Fe203  .006 SO3  <.005

K20 .02 SrO .02

MnO <.01 V206 <.01

Na20 <.01 ZrO 2  .01
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Table 2-3. Manufacturer's Analysis of Ferro-2
BaTi0 3 Powder, Lot No. MI-968

Eleoent Concentration Element Concentration
(as oxide) (weight %) (as oxide) (weight 5)

N& 20 .004 Fe2O 3  .001

K2 0 .001 A1203  .002

CaO <.001 Nb206 <.01

MgO <.001 SiO 2  <.001

SrO <.005 ZrO 2  <.001

SO3  .01 P206 .005

Table 2-4. Emission Spectrographic Analyses of
"As-Received" Ferro-I and .MC BaTi0 3 Powders

(Burgess Analytical Laboratory)

Concentration (weight ")

Element Ferro-I J.MC

Si .05-.5 .005-.05

Ca .005-.05 .005-.05

Mn <0.005

Fe <0.005 <0.005

Cu <0.005 <0.005

Zr .005-.05

Blank indicates element not detected.
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starting materials were successful in producing BaTiO3 , later

experiments typically produced a molten phase, presumably

Ba(N03)2, and the BaTiO3 formation reaction did not proceed tt'

completion.

The third synthesis method utilized a low-temperature aqueous

process for formation of BaTiU 3 . Such an approach has certain

potential advantages over the standard solid-state reactions with

respect to the purity, stoichiometry, and atomic-scale

homogeneity attainable. The starting materials were barium

hydroxide and tetrabutyl titanate. These were combined with an

excess of water and were then reacted at 120*C under 2 atm of

steam in an ordinary pressure cooker. The reaction can be

expressed by the following reaction:

B&(OH)2 + Ti(OR)4 + H20 * BaTiO 3 + 4ROH

where R = (CH 2)3CH3. Following neutralization with HCl and

overnight dialysis, the solid residue was examined by x-ray

diffraction and was confirmed to be tetragonal BaTiO3. However,

upon heating this material to 1300°C or above it was found that

partial melting occurred. X-ray examination of the products

showed the presence of phases other than BaTiO3. Thus, it

appears that this preparation actually retained an excess of

TiO 2. Presumably, this was in some amorphous phase in the low-

temperature product and was therefore not seen in the x-ray

patterns. While this problem could be overcome by further

refinements to the procedure, this method was not used for any

further experiments on this program.

2. RAP Experiments

RAP experiments were performed in two basic configurations:

(1) large volume powder samples (up to ~20 grams) were processed

in a horizontal tube furnace and cooled slowly from the process

temperature; and (2) small samples (-200 mg) were processed in a

vertical tube furnace and were quenched rapidly from the process
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temperature. Details of the latter series of experiments will be

presented in the next section. However, the generation of the

RAP atmospheres was essentially identical in both cases and will

be described fully here.

For the horizontal processing runs, two different furnaces

were used. Early experiments (up to RBT 34) were carried out in

a SiC-heated furnace with a maximum temperature of 1500°C. Later

experiments utilized a K.thal wire-wound furnace with a maximum

temperature of 1100"C. In both cases, the samples were processed

within an alumina tube, closed on one end and with a sealed glass

cap on the other end holding inlet and outlet gas tubes. The

experimental setup is depicted in Figure 2-3.

Samples were held in Pt foil-lined alumina boats. The

powders were loosely loaded into the foil and placed into the

furnace at room temperature. Usually, two boats with different

powders were placed end-to-end in the furnace tube and run

simultaneously. The tube was purged with the desired process

atmosphere before bringing the furnace up to temperature.

Samples were generally held at temperature for 18 to 48 hours

before furnace power was interrrupted and the samples were

allowed to cool naturally within the furnace to room temperature.

The process atmosphere was maintained until the samples reached

room temperature except that in the case of 12 treatments, the 12

source was shut off when furnace temperature was "60 to 90"C in

order to avoid precipitation of iodine within the furnace tube.

Iodine was added to tle process atmosphere by passing the

desired gas mixture through a flask containing iodine crystals.

The ccncentration was controlled by adjusting the temperature of

the iodine-containing flask. This was accomplished by use of a

heat lamp in early runs, but later the temperature was controlled

by means of a hot water bath in which the flask was immersed.

With the temperature set at 60"C, the vapor pressure of 12 was

-5 mm of Hg, or 0.0066 atm. Tubing leading from th, . source to

the furnace and from the furnace to the trap was -A 4 with

heating tape to prevent clogging. Iodine was trapped out after
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exiting the sample chamber by passing the gas through a glass

cylinder at room temperature. Residual iodine which did not

precipitate out in this cylinder was dissolved in a methanol

trap.

The source of bromine vapor was a flask containing liquid

bromine held at room temperature. A small portion of the gas

mixture was passed through this flask and then entered into a gas

mixer where the Br2 was further diluted with the pure gas

mixture. The Br2 pressure was thereby maintained at 0.0066 atm,

the same pressure as was used for iodine treatments. Bromine was

removed from the exhaust gas by a methanol trap. The gas flow

rate was -1 cm3sec - 1 for all experiments, at a total pressure of

1 atm.

In early experiments, carbon monoxide was generated by

passing a stream of CO2 through a flask containing graphite chips

at a temperature of 900 t- 1000*C. However, the majority of

experiments utilized a cylinder of CO as the source. The CO

cylinder ,used had a purity greater than 99.3%, and the C02 was at

least 99.99% pure. For some experiments, nitrogen, oxygen, and

argun were utilized. These were obtained from the laboratory

house supply and had purities of -99.998%, 99.6%, and 99.0%,

respectively. Tubing used throughout the gas system was either

polyethylene or teflon.

3. Quenching Experiments

The determination of the phase boundary between the cubic and

hexagonal forms of BaTiO3 is complicated by the kinetics of the

phase transition itself. Due to the reconstructive nature of the

transition, the change is relatively 61ov For this reason,

differential thermal analysis is not appropriate to observe the

transition. On the other hand, samples cooled slowly from the

hexagonal field through the phase transition may have time enough

to convert back to cubic, making identification of the hexagonal

phase stability difficult. The approach adopted in this study

was to quench the samples rapidly from the process temperature to
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a temparature low enough that no reconversion is possible. One

ca;L therefore take advantage of the slow kinetics to preserve the

high tempera-ture phase for analysis at room temperature, thereby

allowing one to infer the actual high temperature stability

relations.

The apparatus used for these experiments is shown

schematically in Figure 2-4. A MoSi 2-heated furnace with a

maximum temperature capability of 1700"C was fitted with a

vertical A1203 tube. The ends of the tube were sealed with viton

gaskets to the end caps which hold gas inlet/outlet, sample

holder, and sample retrieval ports. The sample (-100-200 mg) was

contained in a capsule made from thin Pt foil. The capsule was

held by a 0.00411 Pt wire whose ends were wrapped around two

heavier Pt wires that extended out of the furnace. A type B (Pt

65Rh versus Pt 305Rh) thermocouple was placed within 1 cm of the

sample capsule. In most experiments, the sample was lowered into

the furnace at a temperature near 1200*C and was then ramped to

the process temperature in 2 to 5 hours. Sometimes, the sample

was lowered quickly into the furnace at the desired temperature.

The gas system was the same as that described above for RAP

processing and the flow rate of 1 cm 3sec - 1 was maintained for all

experiments, with a total gas pressure of 1 atm.

Following the completion of the desired process, the sample

was quenched in the following manner. An electrical current was

passed through the Pt wire sample holder assembly. This resulted

in melting of the thin Pt wire holding the sample capsule,

causing the capsule to drop to the bottom of the furnace. The

temperature at the bottom was near 100°C, and samples could be

removed by unscrewing the teflon plug sealing the bottom end cap.

In most cases, two different samples were run simultaneously by

suspending two sample capsules next to one another. The

recovered samples were analyzed by x-ray diffraction to determine

the phase composition.
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4. Sample Characterization Methods

All RAP-treated samples were studied by differential scanning

calorimetry (DSC) to measure the temperature of the tetragonal-

cubic transition. Although not directly related to the cubic-

hexagonal transition, this method is nevertheless useful for

characterizing the differences between various samples and for

monitoring changes caused by chemical and/or annealing

treatments. The instrument used was a DuPont 1090 Thermal

Analyzer. Samples of -20 to 50 mg were sea]ed in aluminum cups

and heated from 70 to 150"C at a rate of 104 min- . The values

reported in Table 2-Al are the peak temperatures, which are

generally 3 to 4 degrees higher than the onset of the transition

and were obtained by visual inspection of the charts. Precision

of this method is on the order of *lC.

All samples were studied by powder x-ray diffraction methods

to provide phase identification. X-ray patterns were obtained

using an automated vertical Philips diffractometer with a Cu Ka

x-ray source. Most scans covered the range of 20 to 42"

two-theta, which was sufficient to determine whether the BaTiO3
was present in tetragonal or hexagonal forms (or a mixture of

both). When phases other than BaTiO3 were found to be present,

more extensive scans were made to assist in the identification.

It should be noted that, due to the spontaneous transition

between the cubic and tetragonal phases of BaTiO 3 near 130"C, the

appearance of the tetragonal phase in room-temperature x-ray

patterns is indicative of the existence of the cubic phase above

130"C.

Although the tetragonal and hexagonal phases of BaTiO 3 have

similar x-ray patterns, the differences are nevertheless

sufficient to make a conclusive identification. The main

features distinguishing the hexagonal phase are the presence of

peaks with d=3.39 and 2.18 R and the shift of the 110 peak from

-2.83 to 2.86 . Because of the similarities between the two

patterns it is probably not possible to detect mixtures of the

two phases where one is present in only minute quantities.
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However, in most cases the proportions of the two phases in a

mixture can be estimated roughly.

Two primary methods were employed to characterize the

chemical purity of the powders. These were atomic emission

spectrography and secondary ion mass spectrometry (SIMS). The

former analyses were performed by two separate, independent

laboratories (Burgetss Analytical Laboratory and Pacific

Spectrochemical Laboratory), while the latter analyses were

performed by Dr. Robert G. Wilson of Hughes Research Laboratories

umen- the facilities of Charles Evans and Associates. The

Burgess analyses were semi-quantitiative estimates for a limited

number of elements. The elements and their respective detection

limits are given in Table 2-5. Pacific Spectrochemical's

analyses surveyed all elements. Quoted detection limits for most

elements of interest were in the range 1 to 20 ppm. The SIMS

analyses were performed on disk-shaped pellets pressed from the

powders. These were analyzed using both oxygen and cesium

primary beams. The concentration figures quoted are semi-

quantitative estimates based upon the intensities of Ba and Ti in

the samples and curves of SIMS sensitivity factors versus

ionization potential or electron affinity established for other

materials using ion implanted calibration standards.

C. RESULTS

1. RAP Processing

RAP experiments were performed with two primary objectives:

(1) to establish process conditions (temperature, oxygen

pressure, halogen pressure) that are compatible with BaTi03

stability and would not cause decomposition; and (2) to

characterize the physical and/or chemical changes induced by such

treatments. The question of the hexagonal phase stability was

addressed by means of quenching experiments (see below).

Run conditions for all RAP experiments are listed in

Table 2-Al. In early experiments, the effects of a variety of
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Table 2-5. Elements Sought by Burgess
Analytical Laboratory

Detection
Element Limit (wt 5)

Te 0.05

Na, P, Ta, Th, W 0.01

Ca, Cd, Co, Hg, Sr, 0.005
Tl, Zn, Pt

As, Nb, Sb 0.001

Al, B, Bi, Cr, Cu, 0.0005
Fe, Ga, Ge, In, Mg,
Mn, Mo, Ni, Pb, Si,
Sn, Ti, V, Zr

Ag, Be 0.0001
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gases, including air, 02, N2, and C0/C02, and process

temperatures between 700 and 1500"C were evaluated for several

BaTiO3 specimens. Experiments at 1500"C resulted in at least

partial conversion to the hexagonal phase. Later experiments

involved the addition of 12 or Br2 to the process atmosphere.

Treatment with CO/C02/Br2 resulted in complete decomposition of

the BaTiO3, presumably as a result of at least partial conversion

of the oxide to the halide. This problem was avoided in

subsequent runs by using an 02/002 mixture with Br2 rather than

CO/CO2. The final series of runs surveyed the effects of

treatments at 500 and lO00OC in atmospheres of 02/C02/Br2,

02/C02/I2, and CO/C02/I2 for several powders. In all cases, the

final product was completely BaTi0 3 , with no evidence of any

decomposition.

One indication of changes induced by RAP treatments can be

obtained from DSC measurements of the tetragonal-cubic transition

near 130'C (Table 2-Al). The highest transition temperatures

were observed for JUC powder, with Ferro-1 powder typically

having a 2 to 3C lower transition temperature. This difference

is almost certainly due to the higher impurity content of the

Ferro-1 powder. No significant effect on the transition

temperature was evident that could be ascribed to atmosphere

alone except for several cases where CO/C02/I2 produced a notable

(~10 to 15C) lowering of the peak temperature. Also, RBT 19 and

22A, which were synthesized from BaCO 3 + TiO 2 + Fe203 (wit",

500 ppm Fe) had a peak temperature 5 to 7C lower than a sample

prepared identically except for the absence of Fe (RBT 21A). In

general, there was found to be a significant effect of sintering

on the transition, with very fine grain size apparently causing a

depression and broadening of the peak. Thus, those samples

treated only at lower temperatures tend to have lower transition

temperatures and less well defined peaks. Since the JMC powder

sintered far less easily than the Ferro and other powders, it was

necessary to treat it at 1400 to 1500C before maximum peak

temperatures were obtained.
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SIMS analyses were performed on the untreated JI4C powder ard

three RAP-treated specimens of the same powder. These

expcrime-ts were chosen to provide a comparison between sampl* -

troxted at 500 and 1000"C and in both 02/C02/Br2 and C0/C02/,,

at Flre . Elements detected at levels >1 ppm are listed inr

Table 2-t, "Zhe principal impurities found in the untreated

pow+,r woro F a d Cl, with lesser amounts of Na, Al, Si, and

deteir.Ue. Th C1 content was, within the resolution of these

experzetle-2, unaffeett' :q any of the RAP treatments. However, a

fluorine impu;ity was ,vi.lently added by the RAP treatment and

was particularly enhanced in the CO/C02/12 RAP. The source of

this impurity is uncertain but may derive from the tubing used in

the gas system. The greater level obuurved in the I2-treated

sample may be due to tht presence zf teflon stopcocks used to

isolate the 12 chamber and which were warmed by the water bath

and heat lamp, or because of the heating (to -90*C) of the tubing

to prevent 12 precipitation. However, it is probable that,

whatever its source, the F would have been more easily

incorporated into the BaTiO3 during the CO/C02/12 RAP because of

the very low oxygen partial pressure for this gas mixture.

It is also clear that significant amounts of Br were

incorporated in 02/C02/Br2 treatments, and minor amounts of I

were incorporated by the 12 treatment. However, because the

analyses were performed on powder samples, one cannot exclude the

possibility that some or all of this apparent impurity was

present as a surface adsorbent and may not have penetrated into

the solid. There is some indication of cross-contamination of 12

and Br2 , possibly resulting from residues left in the furnace

tube and/or gas inlet. The only other impurity apparently

present at higher levels in the treated samples is Fe. It is

difficult to determine the source of this contaminant, but

several possibilities are worth considering. First, the Fe may

originate as particulate contamination in the bottled gases,

arising from the cylinders themselves. There were no other Fe-

bearing parts used in the gas system with the exception of the
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Table 2-6. Impurities >1 ppm Detected by SIMS
Analysis of "As-Received" and RAP-Treated

JIC BaTiO 3 Powders, ppm atomic

RBT 37 RBT 44 RBT 43
500"0 1000C 10006C

Element untreated 02/C02/Br2  02/C02/Br2  CO/C02/I2

F 240 2100 2100 O00

N= 4 42 18 12

Al 0.3 1.4 1.0 2.8

Si 1.4 9 7 2.8

C1 700 500 350 500

Fe O.O 56 7 47

Br 12000 7200 720

I 8 2 160
Pt 6 7 12 20

Blank indicates element not detected.
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gas cylinder pressure regulators and the flowmeter valves. These

parts were upstream from the addition of 12 or Br2 to the

atmosphere and therefore could not have been corroded by the

halogens. Second, it is possible that the Fe was derived from

impurities in the AI203 process tube and was transported to the

sample as a volatile halide through reactions such as:

Fe203 + 3COX 2 - 2FeX3 + 3C02

or

Fe203 + 3X2 4 2FeX 3 + (3/2)02

An alternative explanation is that the Fe is actually an artifact

of the sample preparation technique, which involved pressing the

powder samples into pellets using a steel piston and dye. Widely

differing values could have been obtained if the sputtering depth

was different for the various samples.

The results of emission spectrographic analyses are listed in

Tables 2-7 and 2-8. The major impurities detected were Si, Ca,

and Sr, with lesser amounts of Mg, Al, Mn, Fe, Ni, Cu, Zr, and Pt

also sometimes present. The Ferro-1 powder was found by Pacific

Spectrochemical to contain significant levels oi Sr, in accord

with the manufacturer's analysis (Table 2-2). The JMC and Ferro-

2 powders were quite low in Sr. Burgess did not report Sr for

any samples, and reported Ca only for the untreated powders

(analyses of the 'as received" powders were carried out

separately from the remainder, which were all performed at the

same time and thus were done under comparable conditions). The

fact that Fe was undetected in essentially all the emission

spectrographic analyses lends credence to the possibility

mentioned above that the SIMS data were subject to contamination

from the pellet press. The Pacific Spectrochemical analyses

suggest the possibility of somewhat higher impurity levels in

RBT 44 than in other RAP treatments of the same JMC powder.

However, the SIMS data do not substantiate this difference.

Other than this, there is no clear evidence from the emission
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spectrographic analyses of any substantial differences between

samples attributable to the various RAP atmospheres and

temperatures.

2. quenching Experiments

Run conditions and results for all quenching runs are

reported in Table 2-A2. Preliminary quenching experiments were

aimed at studying the cubic-hexagonal transition for two

different powders heated in air, The two powders used were the

Ferro-1 and JUC powders. In order to bracket the equilibrium

phase boundary in these experiments, it is necessary that actual

conversion from one phase to another must occur. Thus, in order

to prove that an experiment is within the hexngonal stability

field, one must convert an initially cubic sample to the

hexagonal phase. To prove the cubic phase stability, one must

convert hexagonal BaTiO3 to the cubic phase. To perform the

latter type of experiment, the initially tetragonal (cubic)

powders were first heated to near 1500"0, where they were shown

to convert completely to the hexagonal phase. These were then

cooled down to a temperature where they were held before

quenching. Appearance of the cubic phase in such experiments

indicated that the process temperature was below the cubic-

hexagonal transition. In some cases, only partial conversion was

achieved. This was believed to be due to kinetic factors and can

be accepted as indicating stability as if complete conversion had

occurred.

The results of these experiments for the Ferro-1 and JMC

powders are summarized in Figure 2-5. There appear to be two

significant differences between these materials. The Ferro-1

powder transition occurs between 1440 and 1450*C, while in the

JMC powder it occurs at a somewhat lower temperature, between

1400 and 1440*C. The second difference is in the kinetics of the

phase transition. In the JMC powder there is a much wider range

of temperatures over which only partial conversion was achieved.

Even 68 hours at 1400"C produced a sample that remained largely
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hexagonal for the JNC powder, whereas 1 h at 1440 or below was

sufficient to convert hexagonal Ferro-1 powder completely back to

cubic.

For comparison, the cubic-hexagonal transition temperature

reported by Rase and Roy2 was 1460°C, somewhat higher than that

found here. This discrepancy, and the difference in transition

temperatures of our two samples, could be due to differing

impurity contents. In particular, Sr is known to raise the

transition temperature and is a common impurity present at

differing concentrations in various samples. It is interesting

to note that the higher-purity sample, the JMC powder, had %-he

lower transition temperature, which is consistent with this

interpretation. It is not clear what causes the difference in

kinetics between the two powders. Because the transition is

reconstructive in nature, it must be a diffusion-limited process.

Diffusion is perhaps inhibited in the JMC powder due to a lower

defect density in the higher-purity material.

A short series of experiments (QBT 40 to 45) was aimed at

determining whether increasing the partial pressure of oxygen

might cause an increase in the cubic-hexagonal transition

temperature. Use of 100% 02 at 1460 and 1500"C resulted in

formation of the hexagonal phase in both Ferro-1 and JMC powders.

Thus, if there is any significant effect of 02 on the transiton

temperature, higher pressures would be required to observe it.

Since it is unlikely that any Ti3 + would exist in the presence of

1 atm of 02, it can also be concluded that Ti3+ must not be the

only factor responsible for stabilizing the hexagonal phase. The

02 atmosphere proved to be quite corrosive to the Pt foil

capsules, and further use of such an atmosphere was discontinued.

Runs QBT 46 and 47 were an attempt to determine if there is

an effect of Fe doping on the cubic-hexagonal transition

temperature in air. Both samples were synthesized in identical

fashion from BaCO3 + TiO2 mixes, but the sample used in QBT 46

was prepared with a substitution of Fe203 for 2TiO 2 at a level of

500 ppm by weight of Fe. This Fe-bearing sample did convert
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purtially to the hexagonal phase at 1440°C, whereas the sample

without Fe did not convert to hexagonal. This suggests a

probable lowering of the transition temperature due to Fe-doping,

although this interpretation is not conclusive.

Runs QBT 48 and 49 repeated the conditions used for QBT 30

and 31 (1450'C, air) but with powders that had undergone a

CO/C02/12 RAP at 700°C. The JMC powder gave essentially the

identical results both with and without RAP treatment. However,

the Ferro-1 powder, which produced some hexagonal phase when

heated before RAP remained completely cubic after the RAP

treatment. This result is consistent with an increase of the

transition temperature as a result of the RAP treatment but does

not prove this contention.

In run QBT 50, a CO/C02/12 atmosphere was introduced for the

first time in high-temperature processing. It was noted that the

powder had a blue color after processing, presumably indicating

some loss of oxygen. In runs 51 to 61, the relative proportions

of CO, C02, and 12 were vitried in order to study their effect on

the reduction behavior. It was found that the presence of 12 was

responsible for imparting a dark color to the samples. However,

even in a pure C02 atmosphere with no CO or 12 added, both the

Ferro-i and JMC powders were blue colored when quenched from near

the melting point. Because it has previously been suggested that

reduction probaly favors the stability of the hexagonal

phase, 10 ,11 it was decided to determine whether a gas mixture

could be found that did not result in any visible coloration.

Use of an 02/C02 atmosphere with a 1:1 ratio was found to produce

colorless samples (QBT 62 to 63).

In runs 64 and 65, samples that had been treated with a

CO/C02/Br2 atmosphere at 800"C were reheated in an 02/C02

atmosphere. Following the low-temperature treatments, both

samples had decomposed (though not in identical ways) so that no

BaTiO3 could be detected in either one. X-ray diffraction

patterns of the samples were complicated and could not be readily

identified, however it seems likely that they contained various
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bromates and/or bromides. It was decided to reheat them in an

oxidizing atmosphere to see if they could be reconverted back to

BaTiO3. This was apparently successful. Both samples melt,!'a,

and upon quenching, one consisted of a mixture of tetragonal and

hexagonal BaTiO 3 while the other was essentially completely

hexagonal. The indication of some cubic BaTiO3 suggested a

possible favorable result of the Br2 treatment. Subsequent

experiments (QBT 66 to 69) were performed on JMC and Ferro-l

powders (without previous RAP treatment) in CO/C02/Br2

atmospheres at 1616 and 1600"C. QBT 66 resulted in a nearly

completely cubic BaTiO 3 with a small amount of at least one

additional phase (probably Ba6Ti1704 0) present. All were at

least partially melted and had varying amounts of unidentified

non-BaTiO3 material present. The Br2 pressure for these runs was

-0.026 atm.

As pointed out earlier, the conversion of oxide to halide is

a possible consequence of treatment with the halogens. However,

this problem can be alleviated by maintaining a suitably high

ratio of 02/X2 . The indications of the preceeding experiments

were that this ratio was too low, and thercfore some

decomposition was occurring. Since the oxygen partial pressure

of a CO/CO2 mixture is quite low (~10-5 atm for the experiments

just described), it was necessary to eliminate the carbon

monoxide from the gas mixture and replace it with oxygen. At the

same time, the Br2 pressure was reduced to 0.0066 atm for all

subsequent experiments.

Run QBT 70 (Ferro-1 powder, 02 /C02/Br2, -1600"C) produced all

cubic BaTiO3 with barely detectable traces of an unidentifiable

second phase. Under the same conditions (QBT 71) the JMC powder

was entirely hexagonal. The cubic phase was also obtained using

the Alfa starting material (QBT 73). In QBT 74, the Ferro-l

powder was melted and recrystallized to give cubic BaTiO3 plus a

second phase (Ba6Ti17040). Melting of the JMC powder under the

same conditions gave mainly hexagonal BaTiO 3 plus some cubic

BaTiO3 and Ba6 Ti17040. In runs QBT 76 to 83, the same
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experimental conditions under which cubic Ba.TiO 3 was obtained

with Ferro-1 and Alfa powders were used to treat samples of other

BaTiO3 powders. Only the Ferro-2 powder yielded a cubic result;

the rest were all hexagonal.

The results described above seemed to suggest that the Alfa,

Ferro-1, and Ferro-2 powders, when heated in the 02/C02/Br2
atmosphere, were in the cubic phase at temperatures close to the

melting point. However, all of the other samples tested produced

the hexagonal phase, possibly indicating some important

difference between these materials. In order to test whether the

Br2 RAP was indeed responsible for stabilizing the cubic phase,

we next repeated the experiments using Alfa and Ferro-2 powders

in 02/C02 without Br2. Unexpectedly, the Ferro-2 powder was

cubic at the quenching temperature, while the Alfa powder was

hexagonal. These experiments were then repeated except that the

samples were introduced into the furnace at the peak temperature

-rather than ramping the samples up to temperature in the furnace.

In this case, both powders were hexagonal. These experiments

suggested that the Br2 may not have been responsible for the

appearance of the cubic phase, but rather that the cubic phase

was sometimes preserved metastably throughout a slow ramp from

~1200 to 1600*C.

The final series of experiments (QBT 88 to 97) was an attempt

, to reproduce the earlier results indicating possible cubic

stability and to examine whether perhaps the amovnt of time

during which the samples were exposed to Br2 was an important

factor. It was found that holding the samples at 1592"C for four

hours resulted in their melting. The solidified product was

largely tetragonal BaTiO3 (with some hexagonal) plus Ba6Ti17 040.

This result, along with QBT 74 and 75, strongly suggests that the

composition of the melt changed, probably becoming more TiO2-rich

than BaTiO3 . The probable cause of such behavior is a loss of

BaO-component from the melt, presumably as a result of forming a

volatile barium bromide compound. Experiments in which the

sample weight was measured carefully before and after the runs
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(QBT 92 to 95) suggest that there was a significantly greater

weight loss in the presence of Br2 than without Br2. There was

also a dependence of weight loss upon how loosely the sample was

packed into its capsule. However, none of these experiments,

with either Alfa, Ferro-l, or Ferro-2 powders, was successful in

reproducing the earlier observations of cubic BaTiO. quenched

from near 16O0*C.

It can therefore be concluded that the appearance of cubic

BaTiO3 in unmelted samples quenched from near 1600"C was probably

not an equilibrium phenomenon. Although RAP-induced

stabilization of the cubic phase cannot be completely ruled out,

the preponderance of evidence suggests that the observed behavior

is more likely indicative of the metastable persistence of the

cubic phase in some experiments. Differences between the various

powders studied way reflect differences in the kinetics of the

phase transit,.n in these powders. In several experiments where

BaTiO3 powders were melted, the cubic phase was also sometimes

obtained. The appearance of an additional phase, probably

Ba6 Ti17040, in the products indicates that the melts were driven

off composition, probably due to reaction with Br2 in the

atmosphere. Assuming the melt was depleted in BaO-component, the

crystallization behavior would be governed by the composition-

dependent liquidus surface in the BaTiO3 -TiO 2 system and, even

with relatively little TiO 2 enrichment, would be expected to

produce cubic BaTiO3. The fact that melting of JMC powder under

these conditions was somewhat more likely to produce hexagonal

BaTiO3 (plus Ba6Ti17 040) may be another indication of the

sensitivity of the transition behavior to impurities.

Alternatively, since the phase diagram 2 suggests that the

hexagonal phase will crystallize for very small amounts of TiO 2
excess, it is possible that the melt derived from the JMC powder

became less depleted in BaO.
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Table 2-Al. Reactive Atmosphere Processing Experiments

RBT Starting DSC Peak
Run # Material T(*C) Time(h) Atmosphere X-ray' Temp(*C)

1 Ferro-1 1415 16 air T 130

2 Ferro-I 1400 16 02 T 130

3 Ferro-1 1400' 18 N2  T 130

5 JMC 1400 15 air T 131.5"

6 Ferro-l 1400 15 C02 T 131

7 Ferro-1 1400 18 CO T+H 131.5

8 JMO 1400 18 CO T+H 129

9 Alfa 1400 21 air T 130.5

10 Ferro-1 1500 20 02 T+(H) 130

11 #7" 1500 20 02 T 131

12 Ferro-1 700 21 CO T 128.5'

13 JMC 700 21 CO T 126'

14 BaTi039  1400 15 air T+B 130.5

15 Ferro-1 1500 18 C0/C02 T+H 130.5

16 JMC 1500 18 C0/C02 T+H 133

17 #12* 1500 20 C02 T+(H) 130.5

18 #13" 1500 20 C02 T 133

19 Mixh 1200 40 air

19A p19s 1400 23 air T+(H) 123.5

20 Mixi 1200 63 air

20A #20" 1400 20 air T 130.5

21 #20AO 1500 16 air H k

21A #21- 1400 2 air T 130.5
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Table 2-Al. Continued.

RBT Starting DSC Peak
Run # Material T(*O) Time(h) Atmosphere X-ray' Temp(*C)

22 #19A" 1500 16 air H k

22A #22* 1400 16 air T 125

23 B&Ti03g 1500 6 C02 T+B

24 JUC 1500 21 02/H2Od H+T 132

25 Ferro-1 1500 21 02/H2Od T+(H) 130

26 Mix i  700 13 C02 n

27 Mixi 500 86 air o

28 BaTi03g 1200 18 air T+B

29 Ferro-1 700 51 00/I2 T 127.51

30 JMC 700 51 00/I2 T 124.5'

31 Ferro-1 1000 13 CO/I 2  T 128'
32 JMC 1000 13 CO/I 2  T 126'

33 Ferro-1 1500 14 CO/I2 H+T 121.5

34 JNC 1500 14 00/I2 H+(T) 122.5'

35 J3C 800 31 CO/C0 2/Br2  m

36 Ferro-1 800 31 CO/C0 2/Br2  m

37 JMC 500 30 02 /C02/Br 2  T k

38 Ferro-2 515 51 02 /CO2/Br 2  T 128'

39 Ferro-1 519 47 02/C02/I2 T 128.5

40 Mix' 676 24 02/Br2  1

41 Ferro-1 1021 19 02/002/I2 T 128

42 Ferro-1 984 18 CO/C02/I2 T 118.5

43 JMC 1014 19 CO/C02/I2 T I151

44 JMC 990 19 02/C02/Br2  T k

47B Mixi 1080 18 02/C02/Br2  T 129

49 JMC 500 20 CO/C02/I2 T k

50 JM0P  500 24 CO/C02/I 2  T
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Notes to Table 2-Al

a. T = tetragonal, H = hexagonal, B = Ba6Ti, 7040 , () = trace.

b. Temp. dropped to 1270"C during run.

c. Peak has shoulder on high temperature side.

d. 02 bubbled through H20 at room temperature.

e. Starting material was the product of run # indicated.

f. Broad peak.

g. BaTiO3 prepared from Ba(OH) 2 + tetrabutyltitanate.

h. BaCO 3 + TiO 2 + Fe203 (500 ppm Fe).

i. Ba(N0 3)2 + TiO 2.

j BaC03 + Ti0 2.

k. Peak very weak or absent.

1. BaTi03 (T) + Ti0 2 + ? '

m. Phase(s) could not be identified.

n. BaTi0 3(T) + BaC03 + Ti0 2 + BaO.

o. BaTi0 3(T) + BaCO 3 + Ti0 2 + Ba(N03 )2.

p. Sample flushed with argon before removal from furnace and
during packaging.
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Table 2-A2. RAP Quenching Experiments

QBT Starting Maximum Quench b
Run H Material Temp.(*C) Temp.(°C) Time(h) Atmosphere X-rayf

1 NIC 1612 1612 0.5 air H

2 JUC 1627 1627 0.5 air H

3 Ferro-I 1455 1455 1.5 air T

4 JImC 1455 1455 1.5 air T+H

5 Ferro-1 1499 1499 1.0 air T

6 JMC 1499 1499 1.0 air H

7 Ferro-I 1494' 1494 1.0 air H

8 JMC 1494" 1494 1.0 air H

9 Ferro-1 1496" 1426 1.0 air T

10 JMC 1496" 1426 1.0 air H

11 Ferro-1 1482' 1482 1.0 air H

12 JUC 1482' 1482 1.0 air H

13 Ferro-l 14928 1412 1.0 air T

14 JMC 14928 1412 1.0 air H

15 Ferro-*. 1498' 1410 1.0 air T

16 JmC 1498a 1410 1.0 air H

17 Ferro-1 1498" 1428 15.0 air T

18 JMC 1498a 1428 15.0 air H

19 Ferro-1 1498" 1400 68.0 air T

20 JMC 1498' 1400 68.0 air H+T

21 Ferro-1 1604" 1604 1.0 air H

22 JMC 1604a 1604 1.0 air H

23 JMC 16008 1600 1.0 air H

24 JMC 1460a 1460 42.0 air H

25 Ferro-1 1460' 1460 42.0 air H

26 JMC 1466' 1466 23.5 air H

27 Ferro-I 1466" 1466 23.5 air H

28 JMC 1477' 1477 23.0 air H

29 Ferro-1 1477a 1477 23.0 air H

30 JMC 1448' 1448 24.0 air T+H
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Table 2-A2. Continued.

QBT Starting Maximum Quench b
Run # Material Temp.(*C) Temp.(*C) Time(h) Atmosphere X-ray t

31 Ferro-1 1448" 1448 24.0 air T+H

32 JMC 1440' 1440 23.0 air T+(H)

33 Ferro-1 1440' 1440 23.0 air T

34 JMC 1500, 1440 41.0 air H

35 Ferro-1 ISO0 1440 ..0 air T

36 J.C 1500, 1430 "5.5 air H

37 Ferro-i 1500' 1430 25.5 air T

38 JMC 15000 1420 23.5 air H

39 Ferro-1 15008 1420 23.5 uir T

40 JMC 1460" 1460 21.0 02 H

41 Ferro-1 1460' 1460 21.0 02 H+(T)

42 JMC 1500' 1500 24.0 02 H

43 Ferro-1 1500' 1500 24.0 02 H

44 JMC 1500 1500 24.0 02 H

45 Ferro-1 1500 1500 24.0 02 H

46 RBT 19 1440' 1440 24.0 air H+T

47 RBT 20 1440' 1440 24.0 air T

48 RBT 30 1450' 1450 24.0 air T+H

49 RBT 29 1450' 1450 24.0 air T

50 JMC 1635 1603 0.5 CO/C02/I2 H

51 JMC 1640 1603 1.5 CO/C0 2/I 2  H

52 JMC 1623 1603 1.5 C02 H

53 Ferro-1 1623 1603 1.5 C02 H

54 Ferro-1 1623 1603 1.5 CO/C02 H

55 JMC 1623 1603 1.5 CO/C02 H

56 Ferro-1 1623 1603 1.5 C02/I2 H

57 JMC 1623 1603 1.5 C02/I 2  H

58 Ferro-1 1623 1623 1.5 CO/C02 H

59 JMC 1623 1623 1.5 CO/C02 H

60 Ferro-1 1623 1623 1.5 C02 H

61 JMC 1623 1623 1.5 C02 H

62 Ferro-1 1623 1623 1.0 02/C02 H

63 JMC 1623 1623 1.0 02/C02 H

64 RBT 35 1623 1623 1.5 02/C02 H
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Table 2-A2. Continued.

QBT Starting Maximum Quench
Run # Material Temp.('C) Temp.(*C) Time(h)b Atmosphere X-ray f

65 RBT 36 1623 1623 1.5 02/C0 2  T+H

66 Ferro-I 1616 1616 1.5 C0/C02/Br2  T+B

67 JMC 1616 1616 1.5 CO/C0 2/Br2  c

68 Ferro-I 1600 1600 1.0 CO/C02/Br2  T+?

69 JMC 1600 1600 1.0 CO/C02/Br2  T+?

70 Ferro-1 1603 1603 1.0 02/C0 2/Br2  T

71 JMC 1603 1603 1.0 02/C02/Br2  H

72 JMC 1600 1600 1.0 02/C02/Br2  H

73 Alfa 1600 1600 1.0 02/C02/Br2  T

74 Ferro-1 1630 1600 1.5 02/C02/Br2  T+B

75 J1C 1630 1600 1.5 02/C02/Br2  H+T+B

76 RBT 20 1596 1596 1.0 02/C02/Br2  H

77 JC 1596 1596 1.0 02/C02/Br2  H

78 BaTiO3 d 1597 1597 1.0 02/C02/Br2  H

79 J3C 1597 1597 1.0 02/C02/Br2  H

80 BaTiO 34 1597 1597 1.0 02/C02/Br2  H

81 JMC 1597 1597 1.0 02/C02/Br 2  H

82 JMC 1593 1593 1.0 02/C02/Br2  H

83 Ferro-2 1593 1593 1.0 02/C02/Br2  T

84 Ferro-2 1595 1595 1.0 02/C02 T

85 Alfa 1595 1595 1.0 02/C02 H

86 Alfa 1594" 1594 1.0 02/C02 H

87 Ferro-2 15940 1594 1.0 02/C02 H

88 Ferro-2 1594* 1594 1.0 02/C02/Br2  H

89 Alfa 15942 1594 1.0 02/C02/Br2  H

90 Alfag 1592* 1592 4.0 02/C02/Br2  T+H+B

91 Ferro-29 1592" 1592 4.0 02/C02/Br2  T+H+B

92 Alfa 1591 1591 1.5 02/C02/Br2  H

93 Alfa 1591 1591 1.5 02/C02/Br2  H

94 Alfa 1592 1592 3.0 02/C0 2/Br 2  H

95 Alfa 1591 1591 3.0 02/002 H

96 Ferro-1 1591 1591 1.0 02/C02/Br2  H

97 Alfa 1591 1591 1.0 02/C0 2/Br 2  H
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Notes to Table 2-A2

a. Sample not subjected to furnace temperzture ramp. Sample
entered furnace at the given temperature.

b. Denotes time at quenching temperature only.

c. Phase(s) could not be identified.

d. BaTiO3 synthesized from Ba(N03 ) + TiO 2

e. Fe-doped BaTi0 3 (100 ppm Fe) synthesized from BaCO3 + TiO 2 ,

f. T = tetragonal, H = hexagonal, B = BaTi1 7 048, () = trace.

g. Samples melted together creating a single sample.
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SECTION 3

ORIGINS OF THE PHOTOREFRACTIVE EFFECT

A. INTRODUCTION

In the work performed for this task, we have drawn on

information in the literature and our own experiments to identify

and characterize the photorefractive species in BaTiO3.

Preliminary results of our effort have been published, '6 and are

included as Appendices 1 and 2. Our approach follows the spirit

of the early research -3 on the origins of the photorrfractive

effect in LiNbO3 , as well as a subsequent study of

photorefractive centers in Fe-doped LiNbO3 .4 Common elements
between this work and ours are the judicious use of evidence from

the literature, as well as detailed electron paramagnetic

resonance (BPR) and optical absorption measurements. In

addition, our approach adds another diagnostic technique:

photorefractive beam coupling. The preliminary results of our

study are given in Appendix I (Reference 5).

The general arrangement of this section is as follows. In
Section B the experimental methods are outlined. Section C is

devoted to developing the general background and models with

special emphasis on deep level defects and electrical transport.

The experimental results obtained from beam coupling
measurements, absorption spectra, impurity analysis, and electron

paramagnetic resonance measurements P-re discussed in Section D.

In Section E we discuss the interpretation of the data, with

attention given to the study of correlations between the measured

parameters, and the relationship to existing energy level

calculations. A general discussion of the results and

recommendation for material optimization are given in Section F.

B. EXPERIMENTAL

1. Samples

The samples for all our experiments were purchased from

Sanders Associates, Nashua, NH. The crystals as supplied had
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been mechanically poled to eliminate 90 domains. We then

electrically poled these samples to control 180' domains. The

technique consisted of heating the crystals in oil to 120 to

130"C, applying a few kV/cm and cooling to room temperature.

Without further characterization, it is difficult to determine

the effectiveness of our electrical poling procedure. If 180*

domains remain in a sample (and they are uniformly distributed),

their effect is to reduce all second order parameters of the

crystal in proportion to the number of remaining 180" domains.

The parameters affected by incomplete poling include the

pyroelectric, piezoelectric, electro-optic and nonlinear optic

coefficients. One objective of our measurements is to determine

the degree of poling in our samples.

Tute identity and concentration of impurities was determined

by both secondary ion mass spectroscopy (SIMS) and spark source

emission spectroscopy (Burgess Analytical Labs, North Adams, MA).

2. Beam Coupling Measurements

Steady-state beam coupling is a convenient technique for

measuring several important parameters in a photorefractive

crystal. Our beam coupling measurements in BaTiO 3 and their

interpretation are described in detail in Appendix 2

(Reference 6).

We have measured the amplitude and the sign of the beam

coupling gain as a function of grating period in nine BaTiO3
samples. The laser source was a cw He-Cd laser operating in the

fundamental transverse mode and having a coherence length of

~5 cm. The output beam from the laser was divided at a beam

splitter, and the two resulting beams were recombined at the

sample in such a way that the input angle and thus the grating

period could be varied while the path lengths of the two beams

were kept equal. In all our experiments, the grating normal was

aligned parallel with the a-axis. Both input beams were

s-polarized (along a crystalline i-axis) to exploit the

refractive index change induced through the electro-optic tensor
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component r13. The signal beam had a power of -10 #W and a

diameter of -2 mm. The reference beam was expanded with a

telescope to a diameter of -5 mm in order to maintain a uniform

interaCtion region over the length of Lhe crystal as the input

angle was varied. The power in this beam was made sufficiently

large (-5 mW) to insure that it would remain undepleted in our

experiments. At the resulting level of irradiance (20 mW/cm 2),

the photoconductivity is approximately three orders of magnitude

larger than the dark conductivity, as measured in two of our

crystals.

3. Electron Paramagnetic Resonance Measurements

EPR spectra were recorded at X-band with a Varian E-9

spectrometer equipped with a Hewlett-Packard 5342A automatic

microwave frequency counter and a Varian NMR Gaussmeter for

magnetic field measurements. Single crystal spectra were made by

aligning the sample (with faces normal to principal directions)

on a flat surface on the shaft of a single circle goniometer.

The error in the alignment of the crystal axes relative to the

axes of rotation is estimated to be *3", whereas the estimated

error in the crystal orientation relative to the magnetic field

is *1" and is determined by the resolution of the goniometer

dial. The concentration of spins (e.g., Fe 3 +) was obtained by

comparison to a calibrated reference sample of powdered Cr203

(Cr 3+; g=1.9796), which was contained in a capillary tube mounted

next to the BaTiO3 sample. The chromium sample was calibrated

against a Varian 3.3x10-47 pitch on KCI standard. The accuracy

in the determination of the absolute number of spins (e.g., Fe3 +)

in the BaTiO 3 sample is *50%; the relative accuracy is *10%.

4. Optical Absorption Measurements

The absorption coefficient a at specific wavelengths was

obtained from laser transmission measurements, with account taken

for Fresnel reflections from the entrance and exit faces. For
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each measurement, care was taken to avoid interference effects

from multiple reflections within the sample. The crystals were

measured with a beam propagating normal to the a-axis, and with

the optical electric field vector 9 either parallel and

perpendicular to the a-axis. For this geometry, photorefractive

coupling between the incident and reflected beams in the crystal

can be neglected, since the effective electro-optic coefficient

for this interaction is small. The measured values of absorption

coefficient include a contribution from scattering which is

thought to be at most 0.1 cm- 1 in our crystals. Broadband

transmission measurements were made using a Cary 14

spectrophotometer.

C. GENERAL BACKGROUND AND MODELS

1. Energy Level Model

The energy levels and notation we use for our ensuing

discussion are shown in Figure 3-1. We assume that a single

species X, which can exist in two valence states (X and X+), is

responsible for the energy states in the BaTiO 3 bandgap. In the

case of iron-doped LiNbO3 (LiNb03 :Fe), X corresponds to Fe2+ and
+ 3+.X corresponds to Fe .We designate the concentration of X as

N, and the concentration of X as N Other states, which are

optically inactive provide ovarall charge compensation within the

crystal (see Section 3.D). It is important to note that

electrons or holes (or both) can contribute to the charge

transport in our BaTiO3 crystals. For electron transport, state

X is a donor, or "filled" state, and state X+ is an ionized

donor, or "empty" state. For hole transport, state X+ is an

acceptor or "filled" state, and state X is an ionized acceptor,

or "empty" state. We further note that the sign of the space

charge field is opposite for the two charge carriers. This

changes the direction of beam coupling, and allows a measurement

of the dominant photocarrier.
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e______ CONDUCTIONBAND

h VALENCE BAND

Figure 3-1. Energy levc-1 model for the photorefractive
effect. Electrons are photoionized from level
X and recombine at X*; holes are photoionized
from X* and recombine at X.
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In association with the energy level notation given above, we

must also define rate coefficients for levels X and X+, and

transport coefficients for free electrons and holes. The cross

section for photoionization of level X (thus creating an

electron) is ScI while the corresponding cross section for level

X+ (thus creating a hole) is sh . The mobility for electrons (or

holes) is e (or Ih). The recombination rate coefficient for

electrons at centers X+ is 'Ye, and the corresponding coefficient

for holes at centers X is 7h-

2. Band Transport Model For Grating Formation

The band transport model7 -10 is commonly used to describe

grating formation in a photorefractive material. Under the

influence of periodic illumination (see Figure 3-2), electrons

(or holes) are optically excited from filled donor (or acceptor)

sites to the conduction (or valence) band, where they migrate to

dark regions in the crystal by drift or diffusion before

recombining into an empty trap. The transported charges result

in an ionic space charge grating that is, in general, out of

phase with the incident irradiance. The periodic space charge is

balanced by a periodic space charge electric field in accordance

with Poisson's equation. This space charge field modulates the

refractive index through the electro-optic effect. If no

electric field is applied to the crystal (as is generally the

case in experiments with BaTiO3 ), then diffusion alone leads to a

phase shift of 7r/2 between the incident irradiance and the space

charge field. This shifted grating plays an important role in

the beam coupling experiments described later.

A mathematical description of the grating formation prozess

for a single charge carrier was given in its most complete form7-9
by Vinetskii, Kukhtarev and co-workers, as interpreted and
summarized by Valley and Klein. 10 For the case where both charge

carriers play an important role, the early work of Staebler and

Amodei11 and Orlowski and Kratzig 12 has been developed and

expanded by Klein and Valley,6'13 leading to complete solutions
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SPACE CHARGE

z

n SPACE CHARGE FIELD,
REFRACTIVE
INDEX CHANGE
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Figure 3-2. Gratings in a photorefractive material. The
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interference of two waves in the material.
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in the steady state6 and the transient regime. 13 The key result

of the steady-state two-carrier model is that the space charge

field (with no applied field and negligible photovoltaic effect)

is purely imaginary, and can be written as

EdEa
Esc a Ed+E ()

In Equation (1), a is the normalized differential conductivity,

'defined by

- hP- en
hP+e~n. ,(2)

where p and n are the hole and electron concentrations, Ed is the

diffusion electric field, and E is the limiting space charge

field. The diffusion field is given by

E kT27r (3)d e g

The limiting space-charge field is given by

2eA
Eq = NE , (4)

where e is the dielectric constant and NE=N+N/(N+N+) is the

effective number of empty traps.

The normalized differential conductivity F defined in

Equation (2) accounts for the relative contribution of electrons

and holes to the photoconductivity of the sample. When the

photoconductivity for holes is dominant, 7=+I, whereas 6=-1

when electron photoconductivity dominates. In a beam coupling

experiment, this change in sign corresponds to a change in

coupling direction. For the case where the photoconductivity

values for the two carriers are equal (and in th absence of an

external or photovoltaic field), the net space charge field is

zero, and no beam coupling should be observed. For this case,
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Ph= np * (5)or ey 2 y

- -- 
(6)n Ph

The free carrier concentrations n and p can be related to the

trap concentrations X and X+ by the rate equations

SeIN = 7enN+  (7)

and

ShIN = 7hPN (8)

These two equations may be combined to yiele

N+  7 hSeP 1/2= (  ) (9)N 7e,,hn)

Finally, by combining with Equation (6), we find the condition at

the compensation point as

N+  7 hSee 1/2
N - 7 eSh~h )  (0)

The relative importance of electrons and holes to the

photorefractive effect in iron-doped LiNbO 3 has been studied by
Orlowski and Kratzig.12 The beam coupling gain was measured in a
variety of samples heat treated (reduced or oxidized) to vary the

ratio N+/N, or in their case, (Fe3+]/[Fe2+]. Their results are
summarized in Figure 3-3. The actual parameters plotted are the

normalized electron and hole conductivities defined by

= (11)
e 

he
+ eh

and

h
- e h (12)

e h

where ae=neue and ah=peph. We see from Figure 3-3 that in

strongly oxidized samples ([Fe 3 +]>>[Fe2+]), holes dominate the
photoconductivity. In reduced samples ([Fe 2+][Fe 3+]), electrons
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Figure 3-3. Relative contribution of electrons and holes
to the photoconductivity in LiNbO 3 (from
Reference 10).

Note: Reference 10 - M. B. Klein is the author and principal
investigator from Hughes Research Laboratories.
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are the dominant photoconductor. These two limits correspond to

different directions of energy exchange in the beam coupling

experiments of Reference 12. Note that the crossover (or

compensation) point occurs for (Fe 3 +]r=20[Fe 2 +]. This indicates

that 'hSe~e=4OO'eShyh in LiNbO 3 (see Equation (10)).

3. Photorefractive Centers in BaTiO3

The BaTiO 3 structure is based on groupings of oxygen

octahedra linked at their corners. In a perfect crystal, the

center of each octahedron contains a Ti
4 + ion, while the Ba2+

ions lie in the regions outside the octahedra. As discussed

later, most of the features of the band structure of BaTiO3 are

determined by the properties of the basic Ti06 octahedron or

cluster.

There are two major types of defects in crystalline BaTiO3
which could lead to deep levels in the band gap and

donor/acceptor behavior: vacancies or impurities. It is always

expected that impurities will be present in the 10 to 100 ppm-

range, unless extraordinary precautions are taken in purifying

starting materials and controlling the growth environment.

Vacancies are also commonly present, if only to compensate for

the charge imbalance introduced by the impurities.

Of the three elements which make up the BaTiO 3 structure, the

most volatile is oxygen. During crystal growth or processing at

high temperatures, this species is the most likely to evaporate,

thus creating oxygen vacancies, denoted as V0 . Since the oxygen

ion in the BaTiO3 lattice has a charge 0 2-, an oxygen vacancy has

a charge V0 Thus, an oxygen vacancy can trap one or two

electrons, leading to donor levels in the BaTiO3 bandgap. Such

states cannot participate in the photorefractive effect for two

reasons:

(i) The donor levels represented by oxygen vacancies filled

with one or two electrons are relatively shallow,14'15 ,24 and are

thus likely to be thermally ionized at room temperature.

(ii) Existing evidence in the literature16 ,17 and our own
measurements indicate that the dominant photocarriers in as-grown
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samples are holes, in contradiction with the donor character of

the filled oxygen vacancies.
We now wish to consider the possible impurities in BaTiO3 and

their relation to the photorefractive effect. Previous

measurements18'19 and our own studies show three major groups of

impurities in BaTi0 3 : (1) calcium and strontium, (2) aluminum
and silicon, and (3) transition metals. Calcium and strontium

are in the same family of the periodic table as barium. They

almost always occur with barium in nature, and are difficult to

separate from it. Since calcium and strontium are isovalent with

barium and substitute for barium in the BaTiO3 lattice, they do

not introduce any levels in the BaTiO3 bandgap, and thus cannot

participate in the photorefractive effect.

The sources of aluminum and silicon impurities are the
furnace walls and heating elements. However, aluminum and

silicon possess only one stable valence state (A13+ and Si4+),
and thus these elements can not support the intervalence transfer

X 4 X+ which is a key requirement of the photorefractive effect.

Transition metal impurities are ubiquitous in many oxide

crystals, because of their abundance in nature, their chemical

similarity to constituents of the compound in question (e.g., Ti

in BaTi0 3), and possible contamination of starting powders from
handling with metal utensils. The six first row transition

metals are Cr, Co, Ni, Mn, Fe and Cu, and they are all likely to

be present at levels as high as 50 ppm in BaTiO 3 . Fe is the most
abundant of the transition metals, and could be expected at still

higher concentrations. It is believed that transition metal
impurity ions (as well as A13+ and Si 4+) substitute for Ti 4+ in

the BaTiO 3 lattice, due to the close match between their ionic
radius and that of Ti4+. In the case of Fe impurities in BaTi03 ,

this has been proven in a number of separate studies.19'20 Due

to the low binding energies of their 3d electrons, each of the

transition metals can exist in several valence states, ranging

typically between +1 and +4 (see Table 3-4).
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4. Charge Balance and Conductivity in BaTiO3

When an impurity ion (with valence +3 or less) substitutes

for Ti4+ in BaTiO3, a charge imbalance is created. In the

simplest case, the compensation for this imbalance is achieved

through the creation of oxygen vacancies:

[M3+  = 2[V2 3 1  (13)

where M is a trivalent metal ion and [V02+]I is the impurity-

related concentration of oxygen vacancies. Note that the charge

of the metal ion is expressed in relation to the isolated metal

atom; the charge in the crystal is -1. The oxygen vacancy

concentration is also influenced by the growth or processing

environment of the crystal. At a given temperature there may be

an excess or a deficiency of oxygen, compared with the amount

required to produce (V02 +)1 . In either of these limits, free

carriers are produced to maintain the charge balance:

( 3  + n = 2[V0 2+ + p (14)

The growth environment of commercial BaTiO 3 (grown by the top-

seeded solution growth technique)2 1 is oxidizing (i.e., there is

excess oxygen), leading to a reduction in the number of vacancies

below the value [Vn2+ ]1, and the creation of free holes. Thus,

in as-grown crystals the transition metals are generally acceptor

impurities, and the samples are p-type in the dark.
22-25

Conversely, samples processed at low oxygen partial pressures

require the production of free electrons for charge balance, and

are thus n-type in the dark.
22 to 25

In considering charge balance we must also account for the

fact that the transition metals (say Fe) can change valence

state, while other metal impurities (say Al) can not. We may

thus write

[Al3 +] + 2[Fe 2 + ] + [Fee 3 + ] + n = 2[V02+] + p (15)
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The presence of several valence states in the transition metals

allows the charge balance to be maintained over a range of oxygen

partial pressures without the creation of large numbers of free

carriers. In this pressure range the major impact is the

variation of the relative amounts of Fe2+ and Fe3+, due to

changes in (V02+. In p-type samples, the free carrier

concentration at room temperature is further reduced by trapping

into acceptor levels, since these levels are thought to lie deep

in the bandgap.22'26 This leads to high resistivity values in

samples grown or processed in air. By contrast, reduced samples

of BaTi03 can be semiconducting (n-type) even at room

temperature,22,27,28 since the induced donor levels are more

shallow.
22 26

The charge balance condition given in Equation (15) is

sufficient to describe the dark conductivity in BaTiO3 over a

widt range of oxygen partial pressures. At very high oxygen

pressures, Ba vacancies become important. At very low pressures,

reduction of the Ti ions from Ti 4+ to Ti3+ must be considered.

In addition to isolated metal impurities and fully ionized

oxygen vacancies indicated in Equation (15), we must also

consider the possibility that association of ionic defects or

trapping of free charges may lead to new species. Two specific

cases must be considered. First, at high temperatures during

crystal growth or processing, oxygen vacancies can associate with

metal ions, due tba coulomb attraction. Assuming that this

association occurs among nearest neighbors, the resulting

structure in BaTiO3 would be a (Mn+05 )n-10 cluster. This complex
.s called a Mn+-V0 center. Such centers are known to exist in

perovskites, but no consensus exists as to their importance. The

concentration of these centers in our samples can be determined

by EPR. According to our EPR measurements of Fe3+ (to be

described later), the population of Fe3 +-V0 centers is much less

than that of isolated Fe3+ .

A second possible form of association is the trapping of one

or two free electrons at oxygen vacancies. As indicated earlier,
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the resultant states are thought to be quite shallow,
14'1 5 and

are thus only likely to be populated significantly at low

temperatures.

D. EXPERIMENTAL RESULTS

On the basis of the discussion given above, we anticipated
that the six first-row transition metals would be the most likely

candidates for the photorefractive species in BaTiO3 . The

purpose of our measurements was to identify and characterize the

actual photorefractive species in our samples. Our basic

approach was to measure impurity concentrations in a number of

samples, and correlate these data with separate concentration

measurements of the filled and empty levels participating in the

photorefractive effect.

1. Beam Coupling Measurements at 442 nm

Steady-state beam coupling is a convenient technique for

measuring several important parameters in a photorefractive

crystal. We have measured the amplitude and sign of the beam

coupling gain as a function of grating period in nine samples.

From the sense of the beam coupling (i.e., the sign of the gain

coefficient), we can determine the sign of the dominant

photocarrier. 11,12,16 By fitting a theoretical expression to the

data of gain versus grating period, we can determine two

independent parameters. The first is the effective electro-

optic coefficient

r F rr(6eff p 13

where F is the fractional poling, 5 is the normalizedP
differential conductivity (defined in Equation (2)], and r1.3 is

the electro-optic tensor component for the experimental geometry,

in a perfectly poled sample. The second experimental parameter

is the effective number of empty traps NE=NN+/(N+N+) (see

Equation (4)).
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Of the nine samples we studied, the data for seven gave a

very good fit to the theoretical expression for gain versus

grating period.6  Of the remaining two crystals, one (GBS) had an

anomalously small gain which changed sign with grating period; we

attribute this behavior to a nearly perfect compensation

condition (Aentphp), leading to a weaker effect of unknown

origin. In the other anomalous crystal (BWl), the magnitude of

the gain was normal, but the functional variation with grating

period was not in accordance with our model. We attribute this

behavior to the presence of a second photorefractive species

which our EPR measurements suggest is Cu.

In Table 3-1 we present our measured values of the sign of

the dominant photocarrier, the effective number of empty traps

(NE),the effective electro-optic coefficient (reff), and

F p =reff/rl3 for the seven crystals which follow our model. Our

measured values of NE given in Table 3-1 are in the range

2-9x10 16 cm-3 , and are consistent with values for other BaTiO3

crystals, as reported in the literature.16 '17'29  We will show

later that N<<N + in our crystals, thus yielding NE-N, the number

of empty acceptor states. In our beam coupling measurements we

are not able to determine separately the fractional poling F andP
the normalized differential conductivity a. However, etching

experiments on several of our crystals show relatively few 1800

domains in our samples,30 leading us to estimate that F=O.9;

thus, the dominant contribution to F;7 comes from u.

2. Optical Absorption Coefficient Measurements

The optical absorption coefficient a can be written as

a = a + a NP, (17)

where ap is the photorefractive contribution, and aNp is the non-

photorefractive contribution (typically assumed to be

proportional to ap). In general, ap must account for the

photoexcitation of both electrons and holes. Since holes are the
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Table 3-1. Beam coupling data for seven samples of Ba.TiO3

14542-1 1 R3

SIGN OF EFF. NO. OF EFFECTIVE E-O
CRYSTAL DOMINANT EMPTYTRAPS COEFFICIENT FU ar off/r 13

PHOTOCARRIER N E cm3  reff(PMlV)

GIL +4.4x 1016 7.3 0.30

R1 + 8.1 9.5 0.40

R2 2.8 -7.9 -0.33

G83 + 6.1 9.7 0.41

G84 + 3.0 4.2 0.18

K2 + 8.7 12.0 0.50

SC + 4.2 8.3 0.35
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+

dominant photoconductors in our samples, we may write a p =N Sh, or

a=N+sh/1, where 0 is the quantum efficiency. Thus, the

measurement of a in a number of crystals should provide a

relative measurement of N+ , the number of filled (acceptor)

states, provided that the quantum efficiency is constant.

Shown in Figure 3-4 are the measured absorption coefficients

as a function of wavelength for four different BaTiO3 crystals

(RI, GB3, G/L, and R2). The results of the laser transmission

experiments are indicated by the discrete points in Figure 3-4,

whereas the solid curves through the points were obtained using

the Cary 14 spectrophotometer.

Note from Figure 3-4 that the absorption coefficient is

anisotropic, as expected from the uniaxial symmetry of BaTiO 3 at

room temperature. Note also that three of the four crystals show

a broad, featureless "tail" extending from the fundamental

absorption edge near 3500 R. One sample (GB3) does show a more

prominent peak at 5000 X, leading us to suspect a different

impurity content than the other crystals. This is borne out by

our impurity weight measurements to be described later, which

show a very large bismuth concentration. Crystal R2 is also

anomalous in the sense that that the absorption anisotropy is

reversed in sign from the other crystals. This effect may be

related to the electron photoconductivity in this crystal. In

Table 3-2 we present the value of a at 4416 R for eight samples

(with 91a), in order to allow a relative determination of the

density of filled traps.

3. Impurity Identity and Concentrations

Secondary ion mass spectroscopy (SIMS) was used to determine

the impurities in two different crystalline BaTiO3 samples.

These measurements, while on:ly qualitative, give a sensitive

indication of all impurities. The elements observed were

H,Li,Na,K,C,AI,Si,Ca,Sr,Ni,Mn,Cr and Fe. Of the elements listed,

the first seven do not exist commonly in mcre than one valence

state, and thus can not support the 4nt- ence transfer
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Figure 3-4. Spectral variation of the absorption coefficient
in the visible for four BaTiO3 samples.
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Table 3-2. Absorption coefficient at 4416 A for 1

1541-4

CRYSTAL ABSORPTION COEFFICIENT
(cm- 1)

G/L 1.6

R1 2.7

R2 0.5

G863 1.5

G84 0.6

K2 1.8

8W! 3.5

1 334 2.4
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required for the photorefractive species. Ca and Sr substitute

readily for Ba in the BaTiO3 structure; however they are

isovalent with Ba, and thus produce no energy level in the BaTiO3

band gap. The remaining species are transition metals and must

be considered as candidate photorefractive species.

On the basis of the SIMS measurements six different crystals

(R1,R2,G/L,GB3,1334 and BWI) were analyzed for impurities by

spark emission spectroscopy. A semiquantitative determination of

all metals was carried out, along with a quantitative measurement

of transition metals. All samples contained Al and Si at

concentration levels in the 50 to 500 ppm range. As indicated

above, these species are not expected to participate in the

photorefractive effect. The concentration results for the

transition metals are given in Table 3-3. We see that iron is

consistently the most abundant impurity, and the only element

occurring consistently at concentrations greater than 50 ppm.

The predominance of Fe impurities has previously been noted in

BaTiO3 (Reference 18), SrTiO3 (Reference 31), and LiNb0 3.2 Note

the v'ery large bismuth content in crystal GB3; this is likely the

source of the unusual absorption behavior of this sample. We

will comment further on this sample in our later discussion.

4. EPR Measurements in Tetragonal BaTiO 3

EPR spectroscopy is a powerful technique for determining the

presence and concentration of a variety of paramagnetic point

defects and impurities.32 Furthermore, in the case of

impurities, EPR can be used to identify the valence state. The

disadvantage of EPR is that it is not equally sensitive to

impurities in all possible valence states. This is shown clearly

with reference to Table 3-4, which presents the EPR properties of

the six candidate transition metals in all relevant valence

states. The natural abundance of the odd isotopes of each

species are presented, because these isotopes lead to hyperfine

structure in their EPR spectra, which are readily identified.

The parameter of particular interest is the room temperature
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Table 3-3. Transition metal impurities in BaTiO3,
mea~zured by 3park source emission
spectroscopy

CONCENTRATION (ppm)

SAMPLE Fe CU Mn Ni OTHER

GIL 120 <50 <20

Ri 147 <50

R2 72 <50 < 20

G83 55 < 50 Bi (0.5 -5%)

awl 51 < 50

1334 138 <50 <20

FOR Fe, 10O ppmm 5 X- 1018 cm-3
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Table 3-4. Electronic roperties of first-row transition
metals. For each element, we have indicated the
most stable valence state

11I.41.1

DISTRIBUTION OF d
GROUNE ELECTRONSINI It ROOMTEMPERATURE

ELEMENT VALENCE ELECTRON STATE FREE STIN OREITALS.1 I SPIN LATTICE
STATE CONFIGURATION ION OEGENERACY OCTAHEORAL RELAXATION TIME

SYMMETRY

32 6 Long

C2 0'. 2 21g

EM2 sn52134 Long
Mn

(SS S') " ,, Lon

4
4 3 4F3n 3n 129 L

*I d' 4F F47 3n 1 2 5hCA I
F# I

(Fs7:.,n) .2 2 2
6Sn l2 12V , 411 Long

• a 
3
F4  I 1I 9

Co 2
cos2 1 • 12) d 4191 3n o 2 Shallt(cI( 100 a 31 '2q1'g
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So 4  29 2=1

• do 205n /6 t2 Long
His 29 9g

N t61jl 3n) E2 d' 
3 F4  16 t3 Long(N~i.312 ! 2g g Ln

4F912 3n2 Short

uE dIo I a , 4,, (NOT PARAMAGNETIC)
(Cu 3 

I1 2\ .2( 919.00% € 2 0/ do 2 3 Long

*5 3 as 69 C2 Long3I0.21%3n) 3F4 t2 g Ln
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spin-lattice relaxation time. In our BaTiO 3 experiments we are

limited to measurements at room temperature, due to the

tetragonal-orthorhombic phase transition at ~5"C. Thus, only

those species with long spin-lattice relaxation times (and thus

negligible line broadening) can be observed. Furthermore in the

case of Cu 1+ , no EPR spectrum can be observed, since there are no

unpaired spins. For each metal ion in Table 3-4, we have

indicated the valence state which is most stable, and most likely

to be present in our samples. Each of these species should be
2+readily observable by EPR at room temperature, except for Co

Note, however, that Co is the least abundant of the candidate

transition metals.

We have measured EPR spectra in four different crystals of

BaTiO3 in the ferroelectric tetragonal phase. Shown in

Figures 3-5 and 3-6 are representative spectra from crystal R2.

The spectra were taken with the dc magnetic field directed along

the (010] axis (A I and in the (100) plane]. The spectrum shown

in Figure 3-5 exhibits five intense resonances which is

characteristic of a 6S5/2 magnetic ion (Fe3 +) in a non-cubic

electrostatic crystalline field.33 One of the unique features of

this spectrum as well as spectra at other angles is the sharpness

of the lines. This feature not only reflects the high

microscopic quality of the crystal (i.e., reduced number of

structural imperfections and reduced strain) but in addition,

indicates that the sample is relatively free of 90" domains.

Shown in Figure 3-6 is an expanded spectrum about the g-2

spectral region at the same magnetic field orientation.

Indicated in this figure are resonance transitions which we have

assigned to the even isotopes (I=0) 50, 52 and 54 and the odd

isotope 53 (I=3/2, 9.555 abundance) of Cr
3+.

Also shown in Figure 3-6 are lines which we assign to 'Mn

(I=5/2). This assignment is based on the fact that the six-line

multiplets are due to the hyperfine interaction of the 3d

electrons ol manganese with the 1=5/2 SSMn nucleus (1005

abundance), with hyperfine constant A tO.0080 cm-I (A -A )

-
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Figure 3-5. EPR spectrum observed with the DC magnetic field
directed along the (010] axis (kJa and in the
(100) plane).
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Figure 3-6. Expanded EPR spectrum about the C-2 spectral
region at the same magnetic field orientation
as in Figure 3-5.
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This value for A is consistent with manganese in the 2+ valence

state as reported by other workers.34'35 The possibility that

the observed multiplets are due to manganese in the +4 valence

state may be discarded because the EPR of Mn4 + can not be seen at

room temperature in BaTiO 3 .1
4 '36

The concentration of Fe3+ in several different BaTiO3

crystals was determined by EPR and the results are presented in

Table 3-5. By comparison, our measurements indicate that the

concentrations of Cr3+ and Mn 2+ are at least two orders of

magnitude lower than that of Fe3 +. In one crystal (BWl) we

detected Cu2+ at a concentration level approximately 305 of the

Fe3+ spin concentration. This is consistent with the anomalous

beam coupling performance of this crystal, as described in

Section D-1. No signals were observed in any of our samples from

singly ionized oxygen vacancies.

We have studied in most detail the angular dependence of the

EPR spectra of crystal R2. From the angular behavior in the

plane perpendicular to the polar axis ^ of the five major

transitions of the Fe3+ ion and the three strong resonances of

the Cr3+ , it was established that the sites containing the

paramagnetic species have a four-fold axis of symmetry (C4v).

The spin Hamiltonian which describes the energy levels of the
6S5/2 Fe3+ in a crystalline field with a four-fold axis of

symmetry and an external magnetic field has the following

form:30

H +(' B 4(O0 0+50 4) 0 0 qB0 0 (8
= . 4 B20 + B4 22 (18)

Here the spin operators O are given by their standard
32kexpressions

0= S(S+l)}
4 2

= 35S - 30S(S+l)S 2 25S2 - 6S(S+1)} (19)4z z
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Table 3-5. Fe3 o concentration measured by EPR

I SA42 -4

SAMPLE Fe3 +
CONCENTRATION

(1018 cm-3)

G/L 2.0

R2 1.9

awl 4.7

1334 5.6
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where the S. are spin angular momentum operators and the B

coefficients are related to the cubic (a,F) and zero-field (D)

parameters by:

a =120B4,D- SB0 , F = 180 B4.2 4*
For Cr3+(4F3 /2) only the first and the third terms in the spin

Hamiltonian (Equation 18) are required to describe the energy

levels resulting from the splitting of the combined effect of the

crystalline field and the dc magnetic field.
3 2

Shown in Figure 3-7 are plots of the angular variation of the

EPR transitions for the Fe3+ and Cr3 + when A is varied in the

(100) plane.33 In the case of Fe3 + the broken lines through

discrete points, which aid in following the angular variation, do
not follow a simple (3(g2 /g2)cos20-1 law. This is expected

since the Zeeman energy is not much larger than the electronic
quadrupole energy (i.e., gpB>D). From a preliminary analysis we

find that D=0.09 cm-1 which is in agreement with that reported by

earlier workers.33 The angular variation for the Cr
3 +

transitions, on the other hand, is accurately described by a

simple [3(g 1/g2 )cos 2 -l] dependence from which we find that

g 1=1.9740*0.0002,

g1=1.9774*0.0002,

and

IDI=0.0150*0.0001 cm 1.

The nature of the local site giving rise to the EPR spectrum

of Fe3+ with C4v symmetry in tetragonal BaTiOa is assumed to be

associated with a tetragonally distorted FeO6  cluster. Our

reasoning is based on the fact that if the local C4v paramagnetic
site was due to local compensation at a nearest-neighbor oxygen

site, i.e., Fe057- cluster (Fe3+-VO), then it is expected that
the EPR spectrum would be best described by D>>gpB.37 In this
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limit a strong axial EPR spectrum would be observed which is not

consistent with our observations. Further, for the case of a

Pe3 +_V0 center, it is expected that at certain orientations of

the magnetic field, three sets of axial resonances should be

observed, each set having a unique tetragonal axis. This arises

because there are three equivalent oxygen sites in the 
0h Fe069-

unit from which an oxygen vacancy can be created to form the C4v

FeO_7 - cluster. Again this is not observed in our spectra, which0
supports our view that the iron resonances are associated with

tebragonally distorted Fe%69- octahedra.

6. Photoluminescence Experiments

The energy depth of traps in the BaTiO 3 band gap can be

determined by measurements of the photoluminescence spectrum.

The usefulness of this technique for the measurement of

photorefractive centers rests on several factors: (1) the

photoexcitation should be at wavelengths used for photorefractive

applications, and not at shorter or longer wavelengths were other

interactions may be involved, and (2) the intensities and

energies of the spectral features should correlate with the

concentration and identity of the photorefractive species.

We have taken photoluminescence spectra from three BaTiO3

crystals. In each case the excitation wavelength was 5209A, and

the pump intensity was 50 W/cm2 . Spectra were recorded using a

double-monochromator and a cooled photomultipliei used in the

photon-counting mode. The spectrum from each sample showed a

weak line at 1.41 eV, and a still weaker feature at 1.365 eV.

Although the three samples had trap densities (measured by beam

coupling) and absorption coefficients differing by factors of 4

to 10, the energy location of the photoluminescence signals was

unchanged, and the strengths varied by less than a factor of two.

This leads us to believe that the recombination center near

1.4 eV may not be related to the photorefractive specie- so we

have chosen not to relate this data to the measurements discussed

above.
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B. Heat Treatment Experiments

We believe that existing samples of BTiO3 can be optimized

by chemical reduction, in order to produce a predominance of Fe2+

ions, and a transformation from p-type to n-type conductivity.

To this end we have performed preliminary experiments on two

samples. Each was heated to 800*C in an argon atmosphere, with

the intention of performing the same diagnostic measurements used

for our as-grown crystals. This work was slowed, however, by

difficulties encountered in poling the treated crystals. We

found that an iterative procedure which includes several

applications of mechanical pressure and repolishing works best,

although we have not yet been able to reliably avoid cracking our

samples.

The two samples which have been reduced are BW2 and G/L. We

have measured tne optical absorption in BW2 before and after heat

treatment; we find that the absorption increases, but we were not

able to separate out the possible contribution from domain

scattering. We have measured the Fe3+ concentration in sample

G/L by EPR, before and after heat treatment. We find that the

Fe 3+ concentration decreases (as expected), but not by more than

a factor of two. Although these results are preliminary, they

indicate that our heat treatment was not sufficient to induce a

large increase in the Fe2+/Fe3+ ratio. It is expected that more

efficient reduction can be obtained through the use of a CO/CO2

atmosphere.

E. INTERPRETATION OF DATA

1. Correlation of Measured Parameters

Based on our knowledge of the literature and the results of

our experiments, we are now in a position to draw conclusions on

the identity of the photorefractive species in BaTiO 3. We have

already shown that the likely candidates are the transition

metals Mn,Fe,Cu,Cr,Co and Ni. Among these elements, our EPR and

impurity concentration measurements indicate that Fe is
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consistently the most abundant. We thus hypothesize that Fe is

the photorefractive species, and we associate level X in our

energy level model with Fe 2+ , and level X+ in our model with

Fe3+. Since hole photoconductivity dominates, we associate the

filled traps with Fe3 + , and the empty traps with Fe2 + . On the

basis of this hypothesis, we can perform one key test: to

determine if a correlation exists between the total iron

concentration (from emission spectroscopy), the concentration of

Fe3 + (by EPR), the relative concentration of filled traps (from

the absorption coefficient) and the concentration of empty traps

(from photorefractive beam coupling). A similar correlation

approach has been used in the study of photorefractive centers in

LiNbO3 .4  In Figure 3-8 we plot the parameters given above for

each of four crystals. We see a clear correlation of the data,

in the sense that all measured parameters increase monotonically

with total Fe concentration. Ideally, a straight line behavior

should be observed for each of the three plotted parameters, but

the accuracy here is limited by experimental uncertainties, as

well as possible variations in the oxidation/reduction state or

quantum efficiency among our crystals. The data for two other

crystals not shown in Figure 3-8 (GB3 and BWI) are poorly

correlated with the remaining data for reasons given below:

GB3. This crystal contains a high concentration of bismuth,

which contributes significantly to the absorption coefficient,

and may also contribute to the photorefractive effect.

BW1. This crystal gave anomalous beam coupling results in

that the data of gain versus grating period did not follow our

model. We suspect that Cu is playing an important role in this

crystal, based on the presence of Cu+2 in the EPR spectrum.

To summarize our conclusions, we have

N = [Fe 2+] 2-9x1O1 6 cm-3

N [F3+] ~[]~ xO18 -3
N = [Fe 3+ [Fe] = 2-8x1i cm ,

and
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Fe 3 1 40-120
[Fe2+ ]

We now wish to determine if these results are consistent with

observations in the literature. We note first that the large

ratio of (Fe 3+ ] to [Fe 2+ is consistent with the oxidizing growth

environment of BaTiO3 when using the top-seeded solution growth

technique.2 1 It is also consistent with data on BaTi03 :Fe

ceramics18'19 processed in a similar atmosphere, for 
which Fe3+

is determined to be the dominant species. We also note that Fe

is the most efficient photorefractive species in LiNbO3,38 a

similar material to BaTiO 3.

A plot of normalized electron and hole conductivity versus

[Fe2+]/[Fe 3+] ratio (as shown for LiNbO3 :Fe in Figure 3-3

provides a useful means for understanding the relative

contribution of holes and electrons to the photorefractive effect

in our samples of BaTiO3. In order to prepare such a plot, we

note first that the normalized conductivities defined in

Equations (11) and (12) are related to the normalized

differential conductivity (defined in Equation (2)] by

= ah-ae (20)

From our previous analysis, we may write the normalized

conductivities as

= x2 R (21)
e r+x2R

and

ah 1 2 (22)
l+x2R

where x = N/N + = [Fe2+]/[Fe3+], and

7 h~e~e
R = ehh'~h (23)

7e3h
h
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We can thus make a plot similar to Figure 3-3 for BaTiO 3 if we

know the value of the ratio R for our samples.

For BaTiO3 , little information is available regarding the

values of recombination rate coefficient and photoionization

cross section for electrons and holes. Estimates and

measurements of the electron and hole mobilities for BaTiO3
differ widely. This is especially true for the hole mobility,

for which values ranging between 2x1O-4 cm2 /Vs (Reference 39) and

0.3 cm2/Vs (Reference 24) have been reported. For electrons,

mobility values between 0.1 cm2/Vs and 1.0 cm2/Vs are

typical.24'28'40'4 1 While our experiment provides no direct

information regarding these parameters, we find that R>>1 is most

consistent with our data. This may be explained with reference

to Figure 3-9, where we have plotted the normalized conductivity

for BaTiO3 (using Equations 21 and 22), with R=2500. We have

also included data points for each of our crystals, using the

values of 5: determined from our beam coupling measurements of F5:

(with F=0.9). We see that all crystals lie in the transition

region between hole and electron photoconductivity. With our

assumed value of ratio R, the compensation point corresponds to

x=R- 1/2=(Fe2+]/[Fe3+]=0.02. If we had assumed a much larger or

smaller smaller value for the ratio R, the resulting values of

x=[Fe 2+]/Fe 3+] for our samples (as read from Figure 3-9 would be

inconsistent with the values obtained using our individual

measured values of [Fe 2+] and [Fe 3+]. Finally, we note that

crystal R2, with dominant electron photoconductivity, is still

characterized by the condition x<<l, thus justifying our earlier

approximation that NE =N in this crystal.

n+2. Relation to Calculated Energy Levels of Fe in BaTiO3

The energy level model in Figure 1-1 has proven to be

adequate to explain our beam coupling data, and to provide a

qualitative physical description of the photorefractive species.

However, a significant body of literature exists on the energy
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levels of Fen+ (and Fen+-V.) in BaTiO3 and SrTiO3 which indicates

that the actual energy level structure in our samples may be more

complicated. In the following discussion, we review the band

structure of BaTi03 , and the energy levels of BaTi03:Fe.

(i) Electronic Structure of Tetragonal BaTiO3

The electronic band structure of ABO3 perovskite oxides has

been extensively studied by various groups over the past few

years. 42-44 For our purposes the work of Michel-Calendini and

coworkers is most relevant since their studies also include band

structure calculations of perovskite oxides doped with 3d

transition metal ions.43 '44 This group uses the self-consistent

field-multiple scattering-Xa (SCF-MS-Xa) technique which appears

to reproduce well the main features of the band structure of ABO3

perovskites.

On the basis of their SCF-MS-Xa calculations carried out on

TiO 8 - clusters the following picture emerges of6the electronic
states in cubic (0h) and tetragonal (C4v) BaTi03. For both

symmetries the top of valence band is composed of oxygen 2 p

states of the barium ion, on the other hand, do not play an

important role, and are not included in the calculation. In Oh
symmetry the valence band edge can be decomposed into states with

tig andt lu symmetry and the bottom of conduction band has t2g

classification (see Figure 3-10a). As the symmetry is lowered

from 0h to C4v, the cubic levels split as well as shift. For

example, in lower symmetry the levels (tlg) tlu) go over into

(al,e,;a 2,e) and (t2g) into (b2 ,e).

(ii) Electronic Structure of Fen + in B&TiO3

The electronic structure of a 3d ion embedded in BaTiO 3

depends on the oxidation state, the electronic ground term (spin

configuration) of the impurity, and the symmetry of the local

electrostatic crystalline field. The influence of the spin

configuration on the electronic levels of the impurity ion is
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(t2q Ti 3d states) and the valence band maximum
(tjq 0 2p states of the TMae" cluster). Note
the tendency of the higher valence states
(e.g., Fe 3 *) to lie lower in the band gap.

3-39



important when considering the electron exchange-correlation

contribution to the molecular potential.

The spin-unrestricted SCF-N(S-Xa technique is ideally suited

for these calculations and Michel-Calendini and co-workers
45-49

have used this method to obtain the molecular orbital (energy

level) diagram of FeO6-12+n clusters with 0h and C4. symmetries.

These calculations provide information on the location of the

tmpty and occupied Fe impurity states in the TiO 68- band gap.

For example, in 0h symmetry the Fe3 +(S=5/2) t, level is below
T 2g

the valence band edge, whereas the eg level is in the band gap.

In this notation T and I refer to up- and down-spin electron spin

states, respectively. Lowering the symmetry to C4v by either a

tetragonal distortion of the FeO 6 octahedron or by removing an

oxygen atom splits the t2g level into e and b2 components with

the e level going over into states with a1 and bI symmetry. The

e and b2 levels, however, are still below the valence band edge

whereas the a and bI states are localized in the band gap (see
3+

Figure 3-10c). The main result is that the Fe center induces a

reduction of the band gap due to empty spin-down b2 , e states

below the conduction band edge.

It is also important to consider the levels of Fe2+ in

BaTiO3. Unfortunately calculations of C4v Fe2+(S=2 or S=O) in

tetragonal BaTiO3 have not been reported; however, results in

SrTiO 3 are available for low spin (S=
O )  and high spin (S=2)46

Fe2+ in C . symmetry (i.e., the C FeO 10- complex) and for high• 2 +
-45,6 2+ •8 om x ndfrhg

spin Fe -V0 .46,46  Since Fe is observable by EPR only at low

temperatures (because of its short spin-lattice relaxation time),

at present we do not know its spin state in our BaTiO3 samples.

We assume, however, that it is high spin, since the Fe3+ species

is high spin, and it is unlikely that the two different valence

states would not share this characteristic. Therefore, drawing

on the results for Fe 2 -Vo, and noting that the perturbation of2+ -8
the 3d states of the Fe ion is greater in the FeO8- cluster0

than in the C4v FeO 6 10- complex, we postulate that the spin

configuration of the latter complex in BaTiO3 is eT2 b taTb e I with
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all levels in the band gap. By extending the analogy further we

also suggest that the bI and e levels are most likely localized

below ( kT) the conduction band edge (see Figure 3-1Ob) and
therefore can be optically excited by photons with energies much

smaller than the band gap.

As seen from the previous discussion, Fe2+ and Fe3+ in BaTiO3
have a complex energy level structure. However, it is clear that

the FeO6 10 - (Fe2+) and FeO69- (Fe 3 +) complexes with C4v symmetry
do have states localized in the band gap, such that the up-spin

(T) states (generally occupied) act as donors, whereas the down-

spin (1) states (generally empty) act as acceptors. Thus,
heteronuclear intervalence transitions50 'si involving 0 2p4Fe 3d

and Fe 3d4Ti 3d transitions with phot-n energies less than the

band gap are predicted. The success of the simplified energy
level model of Section 3-A for most samples suggests that, at a
given wavelength, the multiple level picture simplifies to an

equivalent single level model, with rate coefficients which are

an average of the individual coefficients.

F. CONCLUSIONS

Our measurements have shown that Fe is the dominant
photorefractive species in commercial BaTiO3 samples. This

conclusion is consistent with the high iron impurity content in

our samples (and other samples of BaTiO3 and LiNbO3), the large

EPR signals from Fe3+, and with the previous identification of Fe

as the dominant species in LiNbO3 . The particular centers

involved are Fe 2+ and Fe3 + (association with oxygen vacancies

does not appear to be important), and a simple two-level energy

model adequately describes their participation in beam coupling

experiments. At present, the only experimental inconsistency

with the two-level model (shown schematically in Figure 3-1) is

the observation that the response time17 '60 and the

photoconductivity52 in as-grown BaTiO3 var! sublinearly with

intensity. This behavior suggests that other more shallow levels

may play an intermediate role in trapping electrons or holes.53
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1. Optimization of Response Time

On the basis of our analysis and measurements, we are in a

position to recommend an approach to the optimization of the

photorefractive properties of BaTiO3. The major limitations of

BaTiO3 for device applications are its low sensitivity and slow

response time. In the case of the response time, typical values

at an irradiance of 1 W/cm2 are in the range 0.2-1.0 see,

depending on the grating period.16 '1 7 The response time can be

written as
8 '10

r = 'dif(AgSEo) , (24)

where rd, is the dielectric relaxation time, A is the grating

period, and E0 is the applied electric field. The function

f(AgE E0 ) accounts for the fact that the space charge is spatially

modulated. For large grating periods and no applied field, it is

not an important correction in BaTiO 3.10 The dielectric

relaxation time may be written as rdi=e/ 4wr, wherd e is the

relative dielectric constant, and a is the conductivity. When

the photoconductivity is much greater than the dark conductivity,

it can be shown that

'd i e/ 4 rea rRI °  , (25)

where the absorption coefficient a, the quantum e.:iciency 4 , the

mobility # and the recombination time TR are appropriate for the

dominant photocarrier, i.e., holes in as-grown BaTiO 3. By

substituting a¢=Sh(Fe 3+  and rR=/'h(Fe 2+], Equation (25) as

written for an as-grown crystal becomes

C ( hXag (26)

rdi - 4weI0 5hh

where x =[Fe 2+]/[Fe 3+] in our as-grown crystals. The promise
for increasing the speed of response in BaTiO 3 lies in chemically
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reducing samples to produce electron photoconductivity. In this

case, the response time is given by

dir - C I C-) -e 1 (27)

where xr=(Fe 2+/(Fe 3 + ) in the reduced crystal. The parameters in

Equations (26) and (27) which are strongly impacted by reduction

the factors in parentheses and the ratio x=(Fe 2+]/(Fe3+ ). In
order to more clearly understand the imnact of reduction, we can

take the ratio of Equations (26) and (27), and write

r

r.ag R 1 (xagxr)-1 (28)

where R is defined in Equation (23). The particular advantage of

reduction is that the ratio R is much greater than unity in our

samples, leading to a corresponding reduction in 'di. However,

account must also be taken of the change in concentration

ratio, x. In our as-grown samples, x ag=8xlO 3-3x1O 2 . In order

to obtain the full benefit of the larger mibility value, we

require the populations of Fe2+ and Fe3+ to be reversed, i.e.,

x=40-120. As will be seen below, this condition is not easy to

achieve.

A relationship similar to Equation (28) can be obtained

using the more general form for the response time

Equation (24)]. In this case, the dependence on R and x is more

complicated, but is qualitatively similar to that it,

Equation (28).

6., Issues In Reduced Crystals

While reduced samples of BaTiO with n-type conductivity are

not difficult to produce, l81:27,18,54 Fe3+ is known to be very

stable in BaTiO3 .18 '19'54  In particular, in References 19 and

54, negligible conversion of Fe3+ to Fe2+ was observed at oxygen
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partial pressures as low as 10- 2 2 atm. Only in a pure H2

environment (10- 26 atm oxygen) was conversion of -O achieved*

However, under these heavy reduction conditions, the crystals are

highly conductive and opaque.

The stability of Fe 3  in the above experiments is likely due

to the strong oxidizing tendency of H+ or OH-, which are expected

to be present at large concentrations in samples treated with H2 0

and/or H2 :

H+ +Fe 2 + - H0 + Fe 3 +  , (29)

and

OH- + Fe2 + + 02- + H0 + Fe 3 +  (30)

Even in as-grown crystals, these reactions could play a

significant role, since we have measured OH- concentrations as

large as 10 1/cm
3 in our samples.

5 5

The use of hydrogen for reduction has another potential

adverse effect: the reduction of Ti4+

Ti 4 + + 02- + (1/2)H2 * Ti 3+ + OH- (31)

or

2Ti4 + + 02- + H2 4 2Ti
3 + + V0 + H20 (32)

Ti3 + has been detected in samples of BaTiO3 reduced in

hydrogen,59 and is likely to contribute to absorption in the

visible aiid near infrared.

As seen above, H+ and OH- tend to stabilize Fe3+, while H2
reduces Ti4 +; both of these are opposite to the desired effect.

This emphasizes the importance of avoiding the introduction of

hydrogen during growth, and processing with other reducing

agents, such as CO/CO2.

Another approach to enhancing the population of Fe2 + is to

introduce a codopant with Fe into the melt which stabilizes Fe
2+

in crystals grown in air. This has the advantage of ease in

preparation, and minimization of effects from VO, Ti3 + and free
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electrons, which are produced in reduced crystals. One possible

codopant is vanadium in the 4+ valence state, which substitutes

for Ti4+ . This would stabilize Fe2+ by

V4+ - Fe3 .r  V 5+ + Fe2+ . (33)

V5+ is expected to be a deep donor in BaTiO 3, and may itself

contribute to the pbotorefractive effect. The disadvantage of

vanadium as a codopant is that the above interaction is a next-

nearest-neighbor interaction. We can make use of the stronger

forces among nearest neighbors by codoping with N3- , substituting

for 02- in the lattice. The codopant could be introduced by

adding TiN into the melt. The N3 - would add a new source of

negative charge in Equation (16) (the charge balance equation).

Assuming that the added charge affects only the Fe, we may write

[N3 - ] + 2 A[Fe 2 + ] + A[Fe 3 +] 0 (34)

3-where A(Fen +] is the Zhange in (Fen +] due to the addition of N

Thus, for every two N3 - added, two Fe3 + are converted to one

Fe2+. N3 - also tends to reduce Fe3 + in the melt, by the reaction

N3- + 3Fe3 + -* 3Fe 2+ + (1/2)N2 T . (35)

We also note that energy levels due to filled or partially

filled 0 vacancies could play a role in the photorefractive

properties of reduced BaTiO3. However, as indicated earlier,

these energy levels are thought to be quite shallow - 0.025 eV

for V0 with two trapped electrons, and 0.2 eV for V0 with one

trapped electron.15  The importance of these centers in reduced

crystals will require further study.

Recent photorefractive experiments on samples of BaTiO 3

treated at 650"C in -10-5 atm oxygen have shown the expected

conversion to electron photoconductivity, along with an

improvement in beam coupling gain, and a linear dependence of
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response timq on intensity.56 However, the response time for

typical cw intensities was not significantly improved. This may

be an indication that the large value of the ratio R was

compensated by c less optimum valne of x=(Fe 2+/(Fe 3 + ] (see

Equation (28)1. Note also that the linear dependence of response

time on intensii-y suggests Lhat reduced crystals should have an

improved response time at the higher intensities which are

typical of pulsed lasers.

In order to more fully characterize the photorefractive

performance of BaTi03, it would be useful to measure the

mobility, photoionization cross section, recombination rate

coefficient and quantum efficiency for both electrons and holes

in samples of interest by a direct photorefractive technique.

Such measurements can be performed in the transient5 7 and short

pulse58 regimes, and they thus compliment the density and

conductivity measurements which can be performed in the steady

state.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In this section, we summarize our conclusions and

recommendations for future work. The recommendations described

below form the core of a program described in our follow-on

proposal to be submitted shortly.

A. CRYSTAL GROWTH

Attempts to stabilize the cubic phase of BaTiO 3 by reactiv2

atmosphere processing of powders were not successful. Although

some experiments pointed to the possibility of eliminating the

hexagonal phase by this approach, it did not prove possible to

obtain the cubic phase reproducibly, and it is unlikely that

these results were indicative of true equilibrium behavior.

A considerable amount of experience was gained under this

program on the effects of various RAP treatments on BaTiO3

powders. The results indicate that, of the halogens, only iodine

can be used without causiig any breakdown of BaTiO 3 . Application

of a CO/C02/12 RAP would appear to be a viable approach to reduce

0H- incorporation during crystal growth. However, it will

probably be necessary to follow such a treatment with a more

oxidizing gas mixture, either C02/12 or 02/121 to reverse the

tcndency toward oxygen deficiency and/or replacement of oxygen by

iodine. The effectiveness of such an approach can best be judged

from actual crystal growth experiments.

The congruent growth of BaTiO 3 remains a worthwhile pursuit

in view of its potential advantages (much faster growth rate,

higher yield, more homogeneous impurity distribution) over the

standard top-seeded solution growth method. However, it is now

apparent that other approaches to stabilizing cubic BaTiO 3 may

prove more fruitful than that explored during this program. One

such approach that has been used successfully at Hughes Research
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Laboratories for the rapid Czochralski growth of BaTiO 3 is that

of doping with -2.55 SrTiO3 . We would therefore propose to

continue the development of this material toward obtaining

optimized photorefractive crystals in a future program.

It is apparent from the study of the origins of the

photorefractive effect that control of the impurity contents of

BaTiO3 crystals is essential to produce optimized crystals. The

nature of the impurities, their valence state, and interactions

between different impurities are key parameters to be controlled.

In order to accomplish this, we believe that rigorous control of

the chemical environment during crystal growth is required. The

experience gained under this program can be directly applied to

achieving this goal.

B. IDENTIFICATION AND CHARACTERIZATION OF THE PHOTOREFRACTIVE

SPECIES

Our experiments indicate that iron is the dominant

photorefractive species in BaTiO 3. While our measurements have

allowed us to determine the concentrations of Fe2+ and Fe3 +, we

have not been able to determine separate transport parameters for

electrons and holes. These parameters can be determined from

response time and short pulse measurements, as described below.

In order to optimize the response time in BaTiO3 , we must make

use of the favorable electron transport properties of reduced

crystals. It is thus important to develop a reliable technique

for the reduction of BaTiO3 (i.e., conversion of Fe3 & to Fe2+),

and to characterize these samples. Finally, the possibility of

producing new centers by gaxma irradiation is also deserving of

further study.

1. Response Time Measurements.

By measuring the decay time of a photorefractive grating, we

can measure the number of empty traps (thus allowing comparison

to the beam coupling data), and the ATp product (A is the

mobility and is the recombination time). The latter is a key
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parameter in characterizing the transient properties, as well as

the photoconductivity. By heat treating the samples (see below),

we can measure p-R for both electrons and holes. Using the data

for the number of empty traps, we can obtain y/7 for each

carrier, where 7 is the recombination rate coeificient. Under

certain conditions, the response time measurements can also

determine the photorefractive absorption coefficient, or the

quantum efficiency.

2. Short Pulse Response Measurements.

By writing a grating with pulses whose length is less than

the recombination time, we can monitor the buildup of the

photorefractive grating, and thus measure the recombination time.

This data, combined with the data for PrR, allows the

determination of mobility. Such a measurement would be

particularly useful, not only because accurate values of mobility

are hard to obtain, but also because ours would be a

photorefractive measurement, and thus of direct relevance to our

modeling.

3. Optimization Through Heat Treatment.

On the basis of the results obtained thus far, we believe

that chemical reduction of commercial samples of BaTiO 3 should

lead to an improvement in the response time by two to three

orders of magnitude. We propose to develop the proper annealing

atmosphere, treat several crystals, and characterize their

properties (especially their time response). The availability of

heat-treated crystals will also allow us to confirm the dominance

of Fe as the photorefractive species, by correlating the

concentration of Fe3 + with the number of empty trr.ps and the

absorption coefficient in the same crystal.

4. Photorefractive Properties of Irradiated Crystals.

It is well known that a variety of defects can be induced in

oxide crystals by gamma irradiation. We propose to
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systematically irradiate a variety of crystals, and characterize

the induced defects using the techniques developed for this

program.
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APPENDIX 1

ORIGINS OF THE PHOTOREFRACTIVE EFFECT IN BATIO 3

M. 0. Klein
Hugnes Research Laboratories

3011 Malibu Canyon Road
Malibu, CA 90265

Abstract

We have used a number ot experimental techniques to identify the photo tractv2.*pecLs
in commercial sample* of BaTIO We find that iron impurities (in the Fa' and Fe
states) are tne most likely sorcoe of photorecractive effect, although other transition
metal Impurities may also contribute.

Introduction

Photorefractive materials offer great promise for applications tih ad3apLiv optics and
optical data processing using degeneratt four-wave mixing. DaTiO i3 a particularly
promising material, primarily because the very large value of the3electro-optic tensor
component r0 yields correspondingly large values of grating efficiency, bdam coupling
gain, and to r-wave mixing reflectivity. s an example, rour-wave mixing reflectivities as
large as 20 nave been observed in BaTtO' , with no electric field applied to the crystal.
Such large rgtfetLvItLes are particulahly desirable in phase conjugate resonator
applications I, where BaTLO 3 i3 generally the material of choice.

In spite of the Intense Internst In the applications of BaTIO3 , little is known
regarding the spees responiible for the photorefractive eftect3in this material. It this
species can be conclusively identified, we cnn then hope to optimi:e the pertormance of
this material through doping and heat treatment.

In this study we have drawn on information in the literature and our own experiments to
arrive at a tentative Identification of the photoretractive species In BaTLO we will
first present a physical description o grating formation In a photorefractiPe material,
Using the conventional band transport model. We will then review the possible defects
which could be responsible tor photorefractlvIty in BaTlO . Finally, We Will describe our
=easurceents, and our tentative identification ot the ph torearactive species.

Grating formation in photoretractive materials

The michanism Of grating Gor=ation In photarefractLive materials can be described with
reference to Figures I and 2 . We assume that electrons are optically excited from filled
donor sites to the conduction band, wnere they migrate to dark areas In the crystal by
dri t or diffusion before recombining into an emptr trap. The transported charges result
in an ionic space charge grating that Is, In goeneral, out of phase with the Incident
irradiance. The space charge grating is balanced by a periodic space ciarge elect-ic field
in accordance witn Poisson's equation. This space charge field modulates the refractive
index througn the electro-optic effect. If no electric field is applied to the crystal
(and the bulk photovoltaic etrect is negligible), then diffusion alone leads to a phase
sh~ft ot 1/2 between the incident irradiance and the space charge field. This shifted
grating plays an important role in the oean coupling experiments described later.

I. Figure I (using LiNbOpFe as bn examplel, we have assumed that the population or Fe .

exceeds the population of F '. and that the photoconductivity is 9ominated by electrons.
This is generally true for LINbO treated in a reducLngtmosphere . However, Ir tne sample
is heated in an oxygen aeospherJ. the population of ce can be made sufficiently large
that hole photoconductivity domlna&tea. In this Case the model of charge transport
described above is still valid, but the resulting space charge electric field is reversed
in direction (i.e. opposite in sign).

At the crossover point between these two limits, the hole photoconductivity is equal to
the electron photoconductivity, giving

P - n Pel

or

t, ; h
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where pn n are the ';ncntrations of holes Aad qlectrons, and th "
' ar. the hole and

electron mabilitie:. If the photo4gnL:atioa.cros3 zectlons and roc mbination rate
coefficients are coatjirable for Fe' and We' , then the above condition can be written as

1/2

Measure=ents and estimates of v' and u In wterials like LIbO a.1 UaTIO. differ widely,
buL it Ia enerally accepted that uM) uI at room temperature. hsin; a conaorvatLvo
estimate that u 100 uh' we find that f~r equal valuva of tlectron And hole conductivity,

CF*3"3 zOCFa2"3 .

This is exactly the :elattonnhip found in Ref. 5 for LIMbO.tFo. UtOt also that It Is
pos able fqt the electron photoconductivity to exceed the Role photoconductivity. *evn when
CF.3 3>CFe 1. for the exazpl* given here. this would be true for

CF 2'3CFe33*< Ce 2" .

Defects In aTIo3

There are two major types of defects In the DaTLO lattice which could lead to ceep
levels in the band aap and donor/acceptor Dohavior- ;acanciea or Impurities. It is always
expected that impurities will oe present in the 10-100 ppm range, unless extraordinary
precautions are taken In p'lrifylng starting materlis and controlling the growth
environment. Vacancies are also commonly present. 11 only to compensate for the charge
imbalance introduced by the Impurities.

In recent years there have been extensA! otudies of defects In DaTO , and their
relation to high temperature conduativity . Two results rrom these *udlos are
important here. First, the dominant impurities are round to be transition metals, as
expected from their large abundance in nature. Second, it was found that Bar!O prepared
in air from typical starting materials is p-type at hlFh toempratures, I.e. the doMinant
levels in the band gap are acceptors. The commonly accepted model explaining the p-type
behavior can be described as follows. The dominant,1 jfsitlon metal impurities in BaTIO 3
are thought to occupy titanium sit3e in the lattice . Most transition metals have
valence states 1ess than or equal to that or titanium in the BaTMO lattice (i.e. .4). The
resulting charge imbalance is comptnsared by oxygen vacancies ano ?ree holes.

It is Important to note9 '10 BaTiO, can be made n-type, but only hy neat treatment in a
reducing atmosphere. The effect of educing the crystals 1s to increase the number of
oxygen vaxcancies above the number required to compensate for the transition metal
impurities. As a result, lower valence states of the impurities are created, along with
free electrons.

If the aMe samples are heated in oxygen at high pressure, then the number of oxygen
vacancies is reduced below the number required to compensate for transition me%.al
Impurities. This will then create higher valence states of the Impurities and more free
holes, thu s leading to higher p-type conductivity. Further treatment will eventually
produce Ba and Ti vacancies, along with a still larger concentration of free holes.

We will mae use of the above observations, along with our own measurements, In s3eXIng
to determine the photorefractive species In our own samples.

Measurements

=0e rseMeasured a number of physical and optizal projperties 4tf adij
BaTiO4 crystals (purchased from Sanders Associates), witn the goal of determining the
na tur and the number of deep traps associated with the photorefractive effect. Our
measurements fall Into four categories, as descrihed below.

Photorefractive Peam oupling

Beam coupling is a useful technique for measuring the carrier with the largs 12
photoconductivity and the density of empty traps in a photorefractive material . In
this technique, two beams are Incident on the sample, thereby producing a spatially
periodic irradiance pattern (see Fig. 2). If the resultant refractive Index pattern (or
grating) is not In phase with the irrzdiance pattern, then energy is transferred from one
beam to another, in a direction determined by the cryst3l orientation and the carrier with
the larger photoconductivity, but not by the relative power in the beams.
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For the specific case of aTIO., we consider the crystal orientation and beam notation
shown in FiE 3. 4a assume that ul crystal 13 oriented so the the signal bean l_ is
amplified. If the Intenaity of the signal baam is much loss than 1 that or the r re..ce
wave. tlen the signal intensity at the crystal output is given by

1I(L) - 1 (O)exp(r-u)L,
where r is the gain coefficient and a is the absorption coefficient. In our experlmenL we
measure the effective gain (13] YO, defined as

Y CL) witn reference wave
0 IL) without rererence wav

In the absence or an applied electric field (aS 1a the case ror all our experiments), the
phase of the periodic space charge field i 3hifted from that or the irradiance by 1/2.
For this case, the gain r i3 given by

r - 2=n3re r3c /COO

where 0 is the Bragg angle inside the crystal, and r is the 4ffective electro-optic
coefficient. Tle latter parameter can be less than E&S appropriate electro-optic tensor
component r oy9 to imperfect poling or the crystals. The space :hargE electric field is
a known fun~I on or the grating period A and the number of empty traps. N£.

In our experiments, we have determlned the sign of tte photoconductivity in each of ?,r
samples by determining the c-axis orientation wnicn gives gain for the wvaa signal bOam
From the measurement or the gain as a function of grating period, we can determine the
value or N, by ritting a theoretical curve to our data. The results or our measurements
are given In Table I (columns 2 ano 3). We sea that in all crystals but one, the sign or
the photoconductivity is positive, i.e. the dominant photocarriers are holes.

Optical absorption

While beam coupling measuremeat; allow the determination of thne number or empty traps.
optical absorption measurements allow a relative determination or the number of filled
traps, provided that the absorbing species is the same for each meaiurement. In Figure 4,
we show curves or absorption coefficient a as a rfinction or wavelength for four different
samples. The measured values or o were obtained from laser transmission measurements, with
account taken ror Fresnel reflectiun from the entrance and exit faces. The absorption
coefficient includes a contribution from scattering which is thought to be at most 0.1 cm 1

in our crystals. The curves drawn through the measured points were obtained from broadband
transmission measuremnnts using a Cary 14 apectrophotometer.

.e note from Figure 4 that three or the four crystals show a broad, featureless "tail"
extending from the fundamental absorption edge at 3500 A. One sample does show a more
prominent peak at 5000 A. In Table I we have included tne value of a at 5145 A for each
sample (with E16), in order to allow a relative determination or the density or filled
traps.

Welnt meauremerts or Impurity concentration

As mentioned earlier, previous studivs of ceramic and single crystal DaTIO nave shown a
significant concentration of transition metal impurtities. As an initial mealurement with
high sensitivity, we surveyed all impurities itn two separate samples using SIMS. The
elements observed were H, Li, MIa, K, C, Al, Si, Ca, Sr, Hli, Mn, Cr and Fe. Or the
materials listed, Ca and Sr substitute readily for Ba in the BaTiO lattice and have the
same valence state, thus producLng no defects. Tne first seven eldments do not exist
commonly in iore than one valence state, and thus can not support the intervalence transfer
required for the photorefractive species. The remaining species are transition metals and
must be considered as possible candidates.

In order to make quantitative measurements or transition metals in our crystals, samples
from three of our crystal-i were sent to commercial analytical laborntories for impurity
measurement by spark source emission spectroscopy. The results of these measurements are
given in Table 1I. We note that Fe is consistently the most abundant impurity, being
present in concentrations on the order or 100 ppm. Note also that the relative number or
filled and empty traps are in qualitative agreement with the Fe concentration in each
saVple.
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Electron paramagnetic resonance CEPR) measurements

Room temperature £PR spectra at X-band (-9.3 GH=) have boen observed in 5 different
single crystals of BaTIO . Shown In Figure 5 Is a.representative spectrum. The five
string resonanttabsorptins are typical of the Fea ion in a tetragonal crystalline
electric field.' Weaker isotropic trafnition (I.e., angle independent) of unknown origin
are observed at magnetic fields below -1160 C and in the range -3334:90 C. From the
measured spectra It 1 apparent that Fe "I a the dominant paramagnetic ctnter in each
sample. Absolute Fe,' concentration measurements have been made by comparing the intensity
of*he Fe ' (-.-- : ) transition with the resonant absorption from a calibrated sample of
Cr* (in HgO) placed in the microwave cavity along with the crystal of BaTIO . The results
of these measurements for single crystals R2 and G/L are given in Table II.

Discussion

As indicated 6arlier, the defects in aaTiO3 which could lead to levels responsible for
the whborefractive effect are impurities and vacancies. From the results Of earlier
work" and our own measurements, the dominant impurities are transitIon metals, most
notably iron. For crystals gronln air, the only vacancies present in appreciable2uantitles are oxygen vacancies . However, thesa vacanciez are known to act as donor4
f-centers), and thus cun not explain the observation that the photocarriers (in most

crystals) are holes.

While several transition metal Impurities are present in our samples in sufficient
quantities to result In photorefractive behavior, we believe that the largo concentrations
of Iron in our samples (and its importance in LiNb0 ) favors this species as that
responsible for the photorefractive effect. Since Aole photoconductivity dominates In Most
of our samples. ,he filled traps would correspond to Fe3 and the empty traps would
correspond to Fe . This is also consistfgt with the ? servation C 4]3lhat the majority of
the Fe ions il as-grown iron-dopTS 8htO '0 and LINbO are in the Fe state. 9suming a
total Iron concentration of 5x1O cm ( OO18pm13in o r sample 5 and e typical Fe
concentration (from beam coupling) os-..Sx1O'cm * we.find Sre )CFe ] -100. If,
instead, We use the EPR data for CFeJ, we find Fec 3/CFe 3 e O.

The identification of Fe as the photorefractive species In aTOA is only applicable to
our samples, and Must be considered as tentative until further calcdlations and
measurements are performed. One key experiment would be to subject a given sample to heat
treatments in both oxidi:ing and reducing atmospheres, and correlate the changes in the EPR
signals and absorption coefficient with changes in the photorefractive behavior.
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Table 1. Results of Bean Coupling~ Table t1. Concentration Measuremnts
and Optical Absorption Measurements in B-2Tl03
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Figure 1. Schematic of the band transport Figure 2. Gratings in a photorefractive
model of photorefractivity, using LiNbO3:Fe material, assuming a periodic irradiance
as an example pattern
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Figure 3. Crystal orientation and beam notation for
beam coupling experiments. Is is the signal wave, and
IR is the reference wave
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Figure 4. Optical absorption in BaTiO 3
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Figure 5. EPR spectrum of single crystal BaTiO3
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Beam coupling in BaTiO3 at 442 nm
M. B. Klein and George C. Valley APPENDIX 2
Hugho Rcuctuk La6otiodesr. 3011 ,alibu Canyon Ro,3d alibu. Calfornia 90265

(Received 27 December 1984; accepted for publication 15 February 1985)
Steady-state beam cwupling is used to measure the concentration of empty traps, the sign of the
dominant photocarrier, and the effective elcctro-optic cocficient in seven crystals of BaTiO,. The
masured value of the cfective electro-optic coefficient gives the product of the fractional poling
of the crystal, the relative conductivity o the crystal, and thc electro-optic cofticicnt.
Anomalously low beam coupling gain measured in an eighth crystal suggests that this crytal is
nearly perfectly compensated; i.e., the photoconductivities due to electrons and holes are nearly
equal.

Photorefractive materials have great promise In appli- where r is the gain coefficient, a is the absorptio, cocffi-
cations such as optical data processing and phase conjuga- cicnt, and L is the Interaction length. For negligible deple.
tion. Among candidate photorefractive materials, BaTiO, is tion or the reference wave [,(OexpfL I < 1,(0)], Eq. (1)
particularly attractive because it has a large r,: component reduces to
or the electro-optic tensor that leads to large values of the 1,(L) - 1,10) cxpl(r- a)L (2)
coupling coefficient for two- and !our-wavc mixing.'- This ep i n w e aurea)Lf
allows the ralization o self-pumped phase conjugate mir- . n our exxriment we meaurc the cffectivc gin y, defined
rors' and phase conjugate resonators."' as

While the applications of BaTiOj have been under 1,(L) with reference beam
study for some time, relatively little is known regarding the o" I,(L) without reference beam3species responsible tar the photorcfractive effect in this an-speiesresonsbl fo th phtoefrttic eret, n tis a- When depletion of the reference wave can be neglected,
terial. In the basic band transport model, a single species yon exp(it a.
with two valence states corresponding to separate energy In the most generl cas, the periodic space-chrge clc-
levels in the BaTiOj band gap is required. In order to predict eric field is shifted in phase from that of the irradianc by a
performance of devices using BaTiOj it is necessary to know tlue between 0 and The gain is then given bya
the number densities and rate coefficients for these states as va
well as the transport properties of the free carriers in the r 2W( 4
crystal. In addition, since BaTiOj is usually incompletely A -o(4)
poled, it is necessary to know the degree of poling of a sam- whee n is the refractive index, r,,., is the appropriate combi-
pie. nation of components of the electro-optic tensor and of the

In this paper, we use steady-state beam coupling experi- angular and polarization factors for a fully poled crystal, Fis
mentsonseven BaTiO crystalsobtainedfromacommercial the fractional poling, E, is the amplitude of the space-
supplier' to obtain data on the number density of the empty charge electric field, and 0 is the Bragg angle inside the crys-
traps, the effective electro-optic cocfficicnt, and the sign of tal.
the dominant photocarrier. In a separate publication, we will The energy level model and notation we use for BaTiO,
report the results of nonphotorefractive measurements that are shown in Fig.2. We assume that asinglespeciesX, which
further add to our understanding of the photorefractive spe- can exist in two valence states (X and X '), is responsible for
cies in BaTiOl . Preliminary results on our beam coupling the energy states in the BaTiO band gap. In thecaseofiron-
studies and nonphotorefractive measurements have recently doped LiNbO3, Xcorresponds to Fe and X " corresponds
been presented."1 to Fe', but the identification is currently unknown in

In the beam coupling technique, two beams incident on
the sample produce a spatially periodic irradiance pattern. If
the resultant refractive index grating is not in phase with the
irradiance grating, then energy is transferred from one beam
to the other, in a direction determined by the crystal orienta- SIG) 'I
tion and the carrier with the greater photoconductivity, but
not by the relative power in the beams.

For the specific case of BaTiO3, we consider the crystal
orientation and beam notation shown in Fig. 1. We assume 11(o ISM
that the crystal c axis is oriented so that the signal beam !, is
amplified at the expense ofl,. The transmission of the signal L
beam is then given by'

I,(L) II[(o) + I,(o)] exp[(r - a)L FIG. I. Crystal orientation and beam notation for the beam coupling mea.
)( hsurements. Both incident beams ares polarized, perpendicular to the plane

IM (O) +.t5 0) exp~rL) ofthe paper.
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CONDUCTION BAND ra u rRFh, 181

where Fr is the normalized conductivity given by thr f' aL
factor of Eq. (5). Note that the sign ofa is not determrcd by

- the relative concentration of electrons and holes, but by the
I relative values of their photoconductivities. Furthermore, as
, i.dicated earlier, the sign of & determines the sign of the

spsce-charge electric field, and thus the direction of beam
VALENCE BAND coupling.

hifwe substitute Eqs. (6) and (7) into Eqs. (4) and (5), we

FIG. )Energy tl md cl&umei for In¢crting hK bem cupling obtain
mawuremnu. EktroI s tc phooucicd rrorn klci .ad rw oetbnc r n .-d
X * hoar p,;z ft1eXMJ. x*cwsbi" r X. . A co ' E4oM +E.A, (9)

BaTiO). Wc dcsignute the concentration ofXas AV, and the where Eo - E A,, and E, - E11A.. Thus. if r,, is indc-
Boncci. e sinot)(asN h. Othersties, which arc asumed pendent of 0 and A t is larllz enough so that cos O= I jthe
tococt nactv, tion error in setting cos 0- is less than 1.5% fror t > 0.Spm),
tobeopticallyinactivc, provideoverallchargecompensation then a plot of Fvs 4, will increase linearly for small ,,

within the crystal. We note also that electrons or holes (or reach a maltimumwhenA, - (Ewl /Ein,anddecreasas

both) can contribute to the charge transport in our crystals, rhrll a i n A,* (ere a nd era s

as shown in Fig. 2. For electron transport, statcXis a donor, A e for large A.. In Eq. (9) there arc two material param-

or "filled" state, and state X ' is an ionized donor, or "emp. cters that can be measured in a beam coupling experiment

ty" state. For hole transport, state X- is -, acceptor or provided that n and carc known: r,, and NX /(N + N I.
"filled" state, and stateFo is an ionized acceptor, or"empty" The most direct means of doing this would be to fit data to
state. We further note that the sign of the space-char field the function given by Eq. (9) with rc and MN' /(V + N I as
is opposite for the two caaers. This chanecs thc direction of variables. Alternatively, one could note that I/nlt as a
isa oppositenorthet arnd r Ts chan the dmit o function of 1/4 - is a straight line with slope 2r.0'nr,,fEo/t
beam coupling, and allows a measurement of the dominant and intercept 2:M4)r.roEj0/, and perform the fits using this
photocarrier.

In many cases of interest, a number of approximations function.

can be made which lead to simplified expressions for the In our beam coupling experiments we have studied sev-

space-charge electric field. In our experiments, we first as. en BaTiO) crystals obtained from Sanders Associates.s In

sume that the dark conductivity is negligible compared to each case the crystal as received was free of 0 domains, The

the photoconductivity. We will show later that this is A safe 180" domains were removed by heating the crystals in oil to

assumption for irradiance values exceeding - 10/tW/cm:. 129 'C, applying 2-4 kV/cm and cooling slowly to room

Wealso assume that the bulk photovol aiceffct is neligible temperature. It is difficult to determine if all 180" domains
in our samples and note that no applied field is used in our are removed by this procedure. I fsome domains remain (and
ixperiments. For these conditions, the space-charge field i if they are uniformly distributed through the crystal), the net
purely imaginary (shifred in phase by '/2), and is given by efect in our experiments is to reduce the electro-optic cocffi-
(see the Appendix) cients below their value for a perfectly poled crystal. As men-

tioned earlier, we have accounted for this reduction by intro-

E,- ( P P u E1 j E (5) ducing a fractional poling factor F (F< I) which multiplies

.. P + Eqthe electro-optic coefficients as given in the literature.

In Eq. (5), p, and p, are the hole and tlectron mobilities, p The laser sourc: for our experiments was a cw He-Cd

and n are the hole and electron concentrations, E, is the laser operating in the fundamental transverse mode and hav-

diffusion electric field, and E,, is the limiting space-charge ing a coherence length of- -cm. The output beam from the

electric field. The diffusion field is given by laser was divided at a beam splitter, and the two resulting

ksT21r beams were recombined at the sample in such a way that the

Ed = 1 (6) input angle could be varied while th- path lengths of the two
eAg beams were kept equal. In all our experiments, the grating

where A is the grating period. The limiting space-charge normal was aligned parallel with the c axis, as shown in Fig.

electric field is given by I. Both input beams were s polarized (along a crystalline a
axis) to exploit the refractive index change induced through

E 2q 4 N.,.N (7) the electro-optic tensor component r, (r,, = r13). We delib-
E N + A' erately chose an orientation sensitive only to the small r13

where e is the dielectric constant. component, in order to avoid complications due to beam
The first factor in Eq. (5) accounts for the relative con- fanning in BaTiO1 .'0 The signal beam had a power of - 10

tribution of electrons and holes to the photoconductivity in UW and a diameter of -2 mm. The reference beam was
the sample. Since this factor appears in the gain coefficient as expanded with a telescope to a diameter of - 5 mm in order
a multiplicative factorwith no dependence on grating period to maintain a uniform interaction region over the length of
or irradiance, it can be included as a part of an effective the crystal as the input angle was varied. The power in this
electro-optic coefficient, defined as beam was made sufficiently large (-5 mW) to insure that it
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TABLE 1. Sign of ihc domnant phoiocarricr. cfcivc trap density. circc We scc that the plot$ arc a usecul "signaiture" Ofra crystal,
tivi ktcceic cn:i. nfract.ionl ingtima thc~ii4 c con: allowing unambiguous identification if such a needJ arises.
doctIiiy factoi nto, - 0,00,~ +C.1 for Sn crysalo(rotrac: Thc measured values of r, and MV -/JAY + N ') for each of
tiv 3'C), our crystals are given in Table 1. We have assumed here that

Sion* VY fficrc E0 e 168 and nt w 2.4.") We alSO plot the product iFFm rc
domnan X,4 +. o~ik r,) in Table 1, using the unclamped -valuc ofrl5 (ri5 = 24 pm/

Crtlt phtcac Wirt') V)13Th sletincf h unclamped value or rij is justified
_____by_____observationthat__h__use_______smaller, clamped value

OIL+ 4, to" iioo of r, would lea2d to the nonphysical result rrF> I in all but
+I 1. 9.5 0.40 two crystals. Note that this experiment does not allow a scp-

-. 7LI -0" arate deterin.ination of the fractional poling F and the nor-
CII] + 6.1 917 0.41

KI. 1.7 M~o o.5o malized conductivity Cr, although we believe that the greater
sc + .2 9.3 o.is contribution conies fromn the normalized conductivity.
CR4 +t 3.0 A.0.11 For each of the crystals in which hole conductivity

dominates, we may write cr* >a-,, or 1j, p >l,n. If we as-
sume that the photoionization cross setions and recombina-

would remain undepleted in our experiments. At the result- tion coefficients are comparable for levels X and X -. then
ing level orfrdiance (-20 mW/m)l, the photoconductiv- the above condition can be written as X/N - <~ ',"
ity is approximately three orders of magnitude larger than Measurements and estimates orith and 1A, in IBaTiO, differ
the dark conductivity, as measured in t'vo of our crystals. widely, but many measurements suggest that p4 <pi, at

In each of the sevencry stals studied. the c-axis direton room temperature.'"" We thus obtain N <N -, so that
was set so that the signal beam (see Fig. 1) was amplified at MY'~ - (sV ' ieu*V, the number of empty acceptor states.
the expense of the reference beam. Using the convention dc- If the species with densities Nand AN - arc identified as re,
veloped by Feinberg et at,' we were then able to determine and Fe'-," then N < N - is consistent with o~bservations
the sign of the dominant photocameir. The results of this that (Fe-'i < (Fe'j in our crystals" and other obscrva-
measurement are given In Table I. We note that holes domi- tions in BaTiO,." Even in the crystal with electron photo-
natethe photoconductivity in six of thesevcn measuiredcrys- conductivity, it is likely that a,~ is not much larger than o*.
tals. This result is not surprising. since crystals grown in air so that the above approximation will still apply. Thus for all
or anl oxidizing atmosphere arc known to favor the higher of the measured crystals the measured parameter NMY -/
valctw~c states of impurities or defects (K - in our model)."- iM + N -) corresponds closely to , the conccntratioh Ofdo-

of te bam cuplng dta vs A for nor states in the crystal. The measured values of N rcr,,\'sedPlots orrt~ th her corein conisen wit other vaue in Ah foretuM11
our crystals are shown inFig. 3; the solid lines represent best heeaconittwthtervlsinh ieaue.

fits of a straight line to the data, using r,6t and V V' During the course of our beam coupling measurements
(NY + N ').%s variables. The quatlity of the fit shown for K2 is one sample behaved in a very different manner from the
typical for all seven crystal and justifics neglct of dark con. crystals described above. A plot of gain versus grating period
ductivity and the bulk photovoltai.c efrect in our modelling, for this crystal (GD135 is given in Mig. 4. Note that the beams

were p polarized in this experiment, to exploit the larger r,,
coefficient. Even so. the measured values of gain are at least a
factor of 10 smaller than those expected for this orientation.

C. 4 In addition, the gain changes sign with grating period. A

measurement of the electro-optic coefficient for this crystal

6aT.03 SINGLE CRYSTAL
sc SAMPLE CIS

10

0~2  I' . 25

FIG. 3. Inverse of the two-wave mixing gain coefficient r times grating
period At as a function or IM4 2 or seven crystals of photarefractive -l.0a
BaTl. The quality or the fits is equivalent to that shown ror crystal K2.
The arrow indicates the intercept ror:3 perfectly poled crystal in whi,.h ei. FIG. 4. Two-wave mixing as a function of grating period Far the anornaloul
ther electron or hole conductivity is completely dominant, crystal 005.
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through the measu:cment of amplitude modulation indicat- N + N N (A6)
ed that the coefficient was comparable in value to those men- where E is the electric field; e is the static dielectric constant;
sured i theothercr'stals, suggVestigthat hiscrystalwass V Is the number density of negatively charged, nonpho-
well poled as all the others. Our explanation for the gain toactive ions that compensate for the charge of X - in the
behavior given in Fil. 4 Is that the photoconductivity is near* dark;J is the current dcnsity;p, andp4 arc the electron and
. perfectly compensated in this crystal (i.e., a,, nwo4, lead- hole mobilities (both > 0); and 4Yr is the total number den-
ing to the appearance of a weakcr efrtet of unknown origin. sity or species x.

In summary, we have used steady.state two-wave mix. The gain coefficient for steady-state two.wave mixing
Ing as a diagnostic technique to measure two lumped param. ran be obtained as usual by setting all or the unknowns Y
detcn in seven crystals of photorefractivc BlaTiO . One pa. equal to their mean value plus a sinusoidal grating term
rameter can be interpreted as the empty trap density and
ranges from 2.5 to S.7X 01 cm 3; the other is the effective YI Y+ Yri'c" ,

elcetro-optic coefficient which ranges from 0.18 to 0.50 The mean equation can be solved to give
times the tabulated unclamped value of the electro-optic co-
efficient and includes a sign tlat indicates the sign o the A'- 'Y4 + n1o - n4o -'VA, (A)
dominant photocarricr. Since the clamped coefficient is 1/3 .,l'r - N6  (AS)
the unclamped value, this is clear evidence that the appropri- - N.4
ate electro-optic coefficient for photorefractive studies is the o k.
unclamped value. The reason that the full unclamped value (M)
is not obtained Is interpreted in terms otincomplete poling or A ('r - N )
the sample and simultaneous electron and hole transport. where the last two equations arc approximations valid forn,
Further work reporting on identification of the photoretrac- and n" < N4 and NVr - V4.
tive species in these crystals is in preparation. The steady-state equations for the first-order Bragg
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APPENDIX (A12)

Consider the donors and traps as shown on the sche- -$k4oN -smlo* + y~nAoN
matic energy level diagrams in Fig. 2. The levels N (nominal-
ly donors for electrons) are described by the rame equation + nnh(Nr - Ival - O, (A13)

N swhercj - 0 in the steady state and the subscript sub I has
T -sN+ rnN, (Al) been dropped from E, n,, nA, and YV.

wheres, is the photo-cross section for ionization orN. lis the Equations (A10-A 13) can be solved by substitution;
irradiance, y, is the recombination coefficient for electrons the resulting formula for E is slightly messy. If one makes the
atsitesN ,n, is the electron numberdensity, andN - isthe further approximation, which should usually be applicable
number density of x- which act as electron traps. We for cw laser intensities,
further assume that holes can be photoionized from V ' as NA (Nr -IVA
described by n0<

v sAIN+ynAjV, (A) 'VT
a--i = .1 4 N."+rnv,(2 (Nvr - ,VA )

wheresi is the photo-cross section for generating a free hole, Nr
YA is the hole recombinition coefficient, and nA is the hole then the space-charyz field simplifies to
number density. IErn (uAjno -pn,0 )

A complete set of equations is obtained from Poisson's E= - :ME, (A 14)
equation, continuity, a current equation, and the assumption 01 + Ed E,) (uh no + P1,o}
that the Fum of the number densities of X and X ' is con- where
stant"°: E£mk k lT/e

4ire
V -- (n, + N A - N- n, (A3) and

aI4ireN. 4 (N7 - NA) 4rnejV~ N0V
-(n, -N'-n }= + Vj, (A4) E =  N 0
a, ek,(No+ "

+- an cn," Note the change in sign of E when pAno is greater than
+U+hn T 5;-/, z I p,no. This means that the direction of energy transfer in

(AS) two-wave mixing is determined by the difference between
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